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Abstract 
 
Laminated  composites  are  increasingly  employed  in  a  variety  of  industries  ranging  from 
Aerospace  to  Wind  Power.  The  high  specific  stiffness  and  strength  of  these  materials 
renders  their  wider  application  advantageous  in  many  fields.  However,  the  broader 
implementation of such composites is frequently restrained by their poor impact resistance 
and damage tolerance. Even events as  innocuous as a dropped tool can  impart significant 
damage to such materials. Such damage can lead to drops in the strength and stiffness that 
are unacceptable for many applications, particularly those in Aerospace.  
 
3D woven  composites  present  a  possible means  of  improving  the  impact  resistance  and 
damage  tolerance  of  composite  materials.  The  incorporation  of  out‐of‐plane  fibres, 
transversely  passing  through  layers  of  in‐plane  fibres,  is  the  means  by  which  this 
improvement in performance is obtained.  
 
This  body  of  work  presents  an  investigation  into  the  behaviour  of  three  dimensionally 
woven  carbon  fibre  composites.  Specifically,  the  subject  composite  fabric  had  an 
orthogonally woven three dimensional structure. The novelty of these materials is such that 
knowledge and understanding of their mechanical behaviour is very limited. The purpose of 
this  work  was  to  remedy  this  through  experimental  and  analytical  analysis  of  these 
composites. The 3D woven materials were characterized experimentally using a variety of 
techniques. In addition to evaluating the material experimentally, analytical methods were 
also  used.  Current  analytical  methods  were  found  to  be  deficient  in  their  incapacity  to 
account  for  in‐plane  crimp on  a micro  scale. As  a  result  a new micro  scale  approach  for 
predicting the stiffness and strength of these 3D woven materials was developed.      
 
The composites used for this thesis were tested using a variety of means. The range of test 
methodologies used subjected  the materials  to  in‐plane, out‐of‐plane, dynamic and quasi‐
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static loadings. Techniques used included; tension, shear, impact, compression after impact, 
bolt shear out and bearing pull through. Other means implemented included microscopy, C‐
scanning  and Digital  Image  Correlation.  In  addition,  conventional  composites made  from 
unidirectional  pre‐pregs  or Non‐Crimp  Fabrics  (NCFs) were  tested  to  provide  a  basis  for 
comparison. 
 
Analysis  and  prediction  of  the  behaviour  of  conventional  laminated  composites  can  be 
performed using a variety of methods. While the range of methods available is broad, they 
commonly  use  individual  plies  of  composite  as  their  fundamental  building  blocks.  This  is 
both convenient analytically and experimentally as the properties of such individual lamina 
may be found with reasonable ease.  
 
However, 3D woven composites are integrated laminates due to the out‐of‐plane fibres they 
possess. As a  result,  the accuracy of  conventional experimental or analytical methods  for 
evaluating these materials is likely to be poor. In order to gain a better understanding of the 
behaviour of  these 3D woven materials  a new micromechanics model was developed.  In 
contrast to other available methods, this micromechanics approach examines the effect of 
crimp  at  the  fibre  level.  The  method  proposed  is  also  distinct  in  its  capability  of 
simultaneously accounting for varying crimp across and along a section of composite. 
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1 Abbreviations, Symbols, Figures and Tables 
 
1.1 Abbreviations  
 
CAI Compression After Impact 
NCF Non-Crimp Fabric 
FRP Fibre reinforced Plastic 
CLA Classical Laminate Analysis 
UD Uni-directional 
FUM Fibre Undulation Model 
FBM Fibre Bridging Model 
MM Mosaic Model 
SAM Slice Array Model 
EAM Element Array Model 
OAM Orientation Averaging Model 
PDF Probability Distribution Function 
CDF Cumulative Distribution Function 
CTE Coefficient of Thermal Expansion 
CFRP Carbon Fibre Reinforced Plastic 
GFRP Glass Fibre Reinforced Plastic 
CRAG Composites Research Advisory Group 
ICSTM Imperial College Standard Test Method 
UTS Ultimate Tensile Strength 
AFPB Asymmetrical Four Point Bend 
FFL Final Failure Load 
IFL Initial Failure Load 
BPT Bolt Pull Through 
AE Acoustic Emission 
RIFT Resin Infusion under Flexible Tooling 
DIC Digital Image Correlation 
SCF Strain Concentration Factor 
VFO Variable Fibre Orientation 
UBS Ultimate Bearing Stress  
IPBS Initial Peak Bearing Stress 
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ILD Initial Load Drop 
IFL Initial Failure Load 
FFL Final Failure Load 
LDR Light Dependant Resistor 
 
1.2 Symbols 
 
K Yarn/Tow size in 
thousands of fibres 
Vf Fibre Volume 
Fraction 
S Lamina’s reduced 
compliance matrix 
௜ܵ௝ Component of a 
lamina’s reduced 
compliance matrix 
ε Strain 
σ Stress 
γ Shear strain 
τ Shear stress 
E11 Stiffness along fibre 
direction 
E22 Stiffness transverse 
to fibre direction 
G12 Shear modulus of 
lamina or laminate 
ݒଵଶ Lamina’s major 
Poisson’s ratio 
ݒଶଵ Lamina’s minor 
Poisson’s ratio 
Q Lamina’s reduced 
stiffness matrix 
ܳ௜௝ Component of a 
lamina’s reduced 
stiffness matrix 
c Abbreviation for 
cosθ in 
transformation 
matrices or 
transformed terms 
 
s Abbreviation for sinθ 
in transformation  
matrices or 
transformed terms 
T Transformation 
matrix 
ܵ௅/்ା/ି Strength of a 
lamina. Superscript 
term denotes 
whether the strength 
is in compression or 
tension. Subscript 
denotes whether the 
strength is along or 
transverse to the 
fibre direction 
݁௅/்ା/ି Failure strain of a 
lamina. Superscript 
term denotes 
whether the strength 
is in compression or 
tension. Subscript 
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denotes whether the 
strength is along or 
transverse to the 
fibre direction 
F1, F2, F12, F11, F22, 
F66 
Experimentally 
determined strength 
tensors for a lamina. 
kx Lamina/laminate 
curvature, subscript 
denotes axis of 
curvature 
 
Nx 
 
Force per unit length 
in a lamina/laminate 
Mx Moment per unit 
length 
ۿഥ Transformed 
stiffness matrix 
തܳ௜௝ Component of 
transformed 
stiffness matrix 
܁തത Transformed 
compliance matrix 
ܵҧ௜௝ Component of 
transformed 
compliance matrix 
࡭௜௝࡮௜௝ܦഥ௜௝ Components of the 
ABD matrix 
respectively   
Ng Number of tow 
cross-overs 
between warp and 
weft tows within a 
unit cell  
Mf Fibre mass fraction 
Mdry Weight of composite 
reinforcement 
Mcured Weight of cured 
composite 
Mm Mass fraction of 
matrix 
ߩ௖, ߩ௙ , ߩ௠ Density of 
composite, fibre and 
matrix respectively 
ܣ௖, ܣ௙, ܣ௠ Cross sectional area 
of composite, fibre 
and matrix 
respectively 
ߪ௖௟, ߪ௙௟, ߪ௙௟ Stress along fibre 
direction in 
composite, fibres 
and matrix 
respectively 
Ecl, Efl, Eml Modulus in fibre 
direction of 
composite, fibres 
and matrix 
respectively 
εcl, εfl, εml Strain along fibre 
direction of 
composite, fibres 
and matrix 
respectively 
s Fibre spacing 
φ Ratio of fibre 
spacing to diameter 
α Coefficient of 
thermal expansion, 
subscript denotes 
direction and/or 
material 
w Width of tow at 
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narrowest point 
wmax Width of tow at 
widest point 
y Distance from 
centre of tow at a 
distance x along tow 
ymax Distance from 
centre of tow to 
periphery at 
distance x  
 
 
 
θ Angle of ply, tow or 
fibres to principal  
fibre direction 
θmax Maximum angle of 
misalignment with 
principal fibre 
direction 
a Crack/flaw length 
GIc Fracture Toughness 
KIc Critical Stress 
Intensity factor 
σf Fracture stress 
γs Surface energy 
γp Plastic deformation 
energy (fracture 
mechanics) 
rp Radius of plastic 
zone ahead of crack 
σys Yield stress 
θt Angle of 
misalignment at 
which failure 
transitions from 
tensile to shear 
dominated  
߬௠௔௫ Maximum shear 
strength  
 
στ 
 
Axial stress carried 
by fibres at shear 
failure 
R2 Coefficient of 
determination 
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2 Introduction 
 
Fibre Reinforced Polymers are increasingly being used in a variety of industries. The 
exceptional in-plane properties of these  materials has resulted in their use extending 
from the Maritime and Aerospace Industries to the Automotive Industry, civil 
infrastructure, power generation and even as far as sports equipment. However, 
FRPs do have significant drawbacks that restrain their wider application. 
 
The raw ingredients of FRPs are expensive when compared to other engineering 
materials. But the expense of composite components is also a function of their 
processing costs. The process of laying up plies of composite reinforcement is 
labour intensive. Where it is used, automated prepreg tape laying equipment 
requires a large investment in equipment. Processing of the resulting composite 
preforms often requires the use of high cost machinery such as autoclaves or 
matched mould tooling used in conjunction with equipment capable of exerting very 
large pressures.  
 
In addition to their production cost, the design of composite components can tie up 
significant resources, be they human, computational, experimental or financial. The 
anisotropic nature of composites and their varied failure modes requires far more 
extensive materials characterisation and modelling regimes than for isotropic 
materials, such as most metals. Further complicating the matter is the debate over 
the validity and reliability of many test methodologies for evaluating composites. The 
mechanics of composite materials is also far from a settled matter, particularly for 
textile composites.  
 
Despite the associated cost of their implementation, the mechanical properties of 
FRPs still make them highly desirable for many applications. However their poor out-
of-plane mechanical properties frequently limit their use. While the in-plane 
properties of FRPs can be exceptional the fact remains that all that holds layers 
30 
 
within a composite together is the matrix. These inter-ply layers of matrix are 
extremely weak when compared to the properties of the actual plies. As a result, 
FRPs are easily damaged when subjected to out-of-plane loads. Out-of-plane loads 
can arise from impact events such as dropped tools. Although damage can arise 
from a variety of sources one of particular concern to the aerospace industry is 
impact events from drop tools. The damage from such an event is often not visible 
yet it can have a large detrimental effect on the stiffness and strength of the material. 
 
3D woven composites potentially offer some significant advantages over 
conventional FRPs. The 3D weaving process can produce thick fabrics of reinforcing 
fibre. When one considers that the thickness of a typical prepreg tape may be a 
quarter to an eighth of a millimetre thick while 3D woven composites can comfortably 
be woven in five millimetre thick sheets, the potential time and cost savings in laying 
up a component with 3D woven material is very large.  
 
The out-of-plane performance of conventional FRPs is poor due to the lack of 
reinforcement aligned in this direction. 3D woven composites are manufactured with 
fibres oriented in the out-of-plane direction with the intention of improving out-of-
plane performance such as impact resistance and damage tolerance. These out-of-
plane fibres may contribute to the out-of-plane strength of composites directly. In 
addition, the out-of-plane fibre bundles may have a delamination restraining/blunting 
effect.        
 
The potential combination of reduced costs and improved damage 
resistance/tolerance offered by 3D woven composites could open up a range of 
applications to FRPs. However, 3D woven composites are a relatively new class of 
material. Their ability to reduce production costs while improving impact and damage 
tolerance over 2D composites has been demonstrated in principal. But the range of 
constituent materials and fabric architectures for 3D woven composites is vast while 
the body of research on their behaviour is very slender. As a result this research 
study initially set out to characterise the mechanical behaviour of a composite made 
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from orthogonal 3D woven carbon fibre fabric with an epoxy matrix from a widely 
used and researched Aerospace certified resin. 
 
2.1 Aims and Objectives 
 
Unexpected results and behaviour from the 3D woven composites led to the aims of 
the project varying considerably throughout its course. It is hoped that this thesis 
presents the results obtained and knowledge gleaned in a more structured manner 
than transpired in reality! To this end this section describes the evolution of the 
project aims and their causes through the course of the project. 
 
The area of research that this author started his PhD in was the flexural behaviour of 
composite sandwich structures. However, the opportunity to investigate 3D woven 
composites arose through Airbus. Due to the novelty of the material in question and 
support from Airbus the decision was made to switch to investigating 3D woven 
composites for this PhD. This report is the culmination of the research investigating 
3D woven composites. 
 
At the start of this research programme the overall aim was to fabricate and test 
orthogonal 3D woven carbon fibre composites with an RTM-6 matrix. RTM-6 is a well 
known epoxy system and is widely used by many manufacturers, including Airbus. 
The 3D woven fabric was produced by 3TEX under the trade name 3WEAVE (TM). 
Although ‘standard’ 3WEAVE fabric is available with a variety of fibres in a range of 
standard architectures, the fabric used was a bespoke order with fibre and tow1 type 
specified by Airbus. The programme objectives from Airbus’ perspective were simply 
to subject these 3D woven composites to a battery of tests including quasi-static, 
dynamic, in-plane and out-of-plane loads. The tests were to be carried out in discrete 
blocks with one test method being completed before moving on to the next. 
                                            
1 A tow is a bundle of reinforcing fibres. Tows are typically described by the number of fibres over their 
cross section, their ‘TEX’. The number of fibres comprising a tow is typically described in thousands, 
e.g. a 6K tow contains six thousand fibres through its cross-section. 
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These goals changed rapidly. Initially, the highest priority task was to determine the 
Impact and Compression After Impact performance of the 3D woven composites. 
The CAI results in particular were deemed to be useful for determining the suitability 
of 3D woven composites for their intended application in commercial aircraft. 
However, it quickly became apparent during the fabrication of initial 3D woven 
samples that there was extensive micro-cracking within the panels produced before 
the samples were even tested. The micro-cracks were observed using microscopy 
and the cracking was audible around 700C. 
 
Given that composites containing micro-cracks were unlikely to be acceptable for 
use by Airbus, attention was diverted to possible causes and solutions to the micro-
cracking. This author’s suspicion was that the root of these cracks was thermal 
stress. In order to test this theory a small sample of an epoxy system that could be 
cured at room temperature was procured from a colleague (many thanks to Amit Puri 
for this). The room temperature cured sample did not exhibit any micro-cracks.  
 
To investigate the matter further an epoxy system capable of both high and low cure 
temperatures was needed.  An epoxy system called MVR-444 appeared suitable and 
the manufacturer (ACG) kindly provided a free sample of the resin. Two small test 
panels were produced; one with an MVR-444 matrix cured at 1800 and one with an 
MVR-444 matrix cured at 900. The sample cured at 900 did not exhibit any micro-
cracks while the sample cured at 1800 exhibited extensive micro-cracking. 
 
As a result of these outcomes the decision was made to continue with sample 
fabrication and testing but with samples made from both MVR-444 and RTM-6. In 
addition it was decided that samples should be made with MVR-444 cured at both 
‘high’ and ‘low’ temperatures being 1800 and 900 respectively. Following this change 
of plans the intended aims of the project were now: 
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 Fabricate 3D woven composite panels using RTM-6 and MVR-444 resins. 
Produce panels from MVR-444 using at least one high and one low 
temperature cure. Determine the presence, or absence, of micro-cracks. 
 Fabricate specimens for and carry out a range of tests. Tension testing was 
made a high priority as it was believed that this method would be the most 
effective method for determining the effect of cure temperature and micro-
cracking on performance. 
 Evaluate the relative performance of the 3D woven composite systems 
compared to 2D composites (e.g. NCFs and/or prepregs). 
 
The intended approach of focusing on and completing each test procedure 
separately was retired. Fabrication and testing of samples for different tests occurred 
concurrently. In particular, the tension tests were carried out at various stages of the 
programme as different resin systems (and consequently possible cure 
temperatures) were obtained.  
 
The decision to use composite samples made from prepreg and/or NCF was also 
made so that this report would include results that could be used as a base line for 
comparison against the 3D woven composites. 
 
At its outset, it was not the intention of this research programme to develop methods 
for modelling 3D woven composites. Nor was the intention to evaluate the suitability 
and/or deficiencies of any test method for FRPs, be they for 3D woven composites in 
particular or composites in general. However, these two areas are probably the most 
significant subjects of discussion in this thesis. 
 
2.2 Thesis Lay­out 
 
The following provides a brief overview of the work contained in each chapter.  
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2.2.1 Literature Review 
 
A review of the state of the art of the behaviour of 3D woven composites is given. As 
the nascent field of research into 3D woven composites is sparsely populated it was 
necessary to look to the state of the art for 2D composites for insight into methods 
and models that may be relevant to this thesis. 
 
2.2.2 Manufacturing and Testing  
 
A diverse range of experimental techniques were used through the course of this 
research. As a result this section focuses on aspects that are common to some or all 
of the test methods. Details specific to a given test method are covered in the 
relevant chapter. 
 
2.2.3 Tensile Testing 
 
This section presents a new modelling approach for 3D woven composites. The 
derivation and application of a model that accounts for crimp on a micro-scale is 
presented. The model developed can account for fibre crimp varying across a 
slice/section of tow/material. This is in contrast to current models which only capable 
of modelling crimp at the meso-scale, i.e. the degree of misorientation/crimp across 
a section/slice of tow is constant. In this report the model exclusively considers in-
plane crimp but the model can also be used to account for out-of-plane crimp. 
 
The model provides a means of predicting the stiffness of a section of fibre tow and a 
tow as a whole. The model is capable of generating the stiffness/compliance 
matrices of a slice and/or section of tow or any coarser element made up of them 
(e.g. a lamina). In this report the model is used to generate the effective properties of 
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a lamina within the 3D woven composites. The effective lamina properties are then 
used with CLA to predict the stiffness of the laminate.  
 
Two strength criteria for the micro scale model were developed. One is based on the 
shear strength of the matrix limiting the strength of a lamina. The second is based on 
the failure strain of the reinforcing fibres. This author suspects that the fibre strain 
limited model is likely to prove more robust but both methods are presented for 
consideration. 
 
Predictions based on the new model in conjunction with CLA are compared with 
experimental results. 
 
2.2.4 Impact and Compression After Impact 
 
Samples were subjected to a range of impact speeds and energies in this section. 
The force, time and displacement histories were recorded. The extent of damage 
from impact was determined by C-scanning and measurement of the depth of the 
dents created by the impacts. Of particular note is the difference in the relationship 
between dent depth and damage area/width for the 3D woven material in contrast to 
the NCF and prepreg samples. 
 
2.2.5 Bolt Shear Out 
 
The relative performance of the 3D woven composites in this test differed from other 
test methods. In contrast to other tests, the thick 3D woven samples outperformed 
the thin ones. NCF materials were tested for comparison and demonstrated 
strengths intermediate of the thick and thin 3D woven composites. NCF samples with 
+/-450 layup were also tested and had similar strength to the 0/900 NCF layups. This 
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appears to indicate that bolt shear out performance is highly dependent on matrix 
properties. 
 
2.2.6 Bolt Pull Through 
 
Analysis of Bolt Pull Through testing results revealed unusual behaviour. Despite the 
samples being bolted onto a loading plate in conjunction with clamping blocks the 
samples did not seem to behave as though they were subject to clamped boundary 
conditions. The cause of this behaviour is discussed in relation to the results 
obtained and the literature. 
 
2.2.7 Conclusions 
 
A brief review of the keys finding and their implications are described in this section. 
 
2.2.8 Further Work 
 
There is vast scope for further research into the behaviour of 3D woven composites. 
This section highlights some avenues of research that this author believes would be 
particularly productive. 
 
2.2.9 Appendices 
 
The derivation of the model in Chapter 5 requires the integration of a large number of 
higher order trigonometric identities. The evaluation of these integrals was a lengthy 
process. In order to save space and the reader’s sanity these equations have been 
relegated to the appendix. Additional test results are also provided in this section. 
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3  Literature Review 
 
3.1 Fabric Processing and Architecture 
 
Fibre Reinforced Plastics (FRPs) come in a very wide variety of forms. The various 
types of FRPs can be classified by a range of parameters and a possible scheme is 
shown in Table 1. 
Textile 
construction 
Example Fibre length Fibre 
orientation 
Fibre 
entanglement 
Classification 
Chopped 
fibre and/or 
whiskers 
 
Chopped 
Strand Mat 
 
Discontinuous Random None2 1 
Fibre 
Filament 
UD prepreg Continuous 1D None 2 
Fibre tow NCF Continuous 2D3 None4 2.5 
Simple Fabric 
Woven (e.g. 
Satin weave) 
fabric 
Continuous 2D In-plane 3 
3D Integrated 
Fabric 
Orthogonal 
3D woven 
fabric 
Continuous 3D 3D 4 
Table 1: A possible scheme for classifying the various types of FRPs 
 
                                            
2 In general, the aspect ratio of the fibres in this class of material is too small for entanglement to 
occur. However, it would be possible for high aspect ratio fibres to exhibit a limited degree of 
entanglement (particularly if the Vf is high). 
3 UD NCFs are available but much less common than NCFs containing plies with two or more fibre 
orientations. 
4 NCFs are composed of plies of aligned tows and these toes do not entangle with other tows in the 
material. However, the layers are held together with minimal stitching which offers some 
entanglement between layers.  
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The focus for this body of work was on FRPs for structural applications, with a 
particular view to Commercial Aerospace applications. As a result, Class 1 FRPs will 
not be covered. Although Class 3 FRPs are less frequently used in structural 
aerospace applications (due to their lower mechanical properties relative to Class2, 
2.5 and 4 FRPs) consideration will be given to them as these materials have some 
commonalities to the 3D woven material used in this project. 
 
3.1.1 UD prepregs 
 
UD prepregs are the most commonly used FRPs in Commercial Aerospace (and 
many other fields) due to their exceptional specific properties. The in-plane 
performance of UD composites is the generally superior to any other class of FRP. 
The reason for this is largely attributable to the way fibres are arranged within these 
materials.  Figure 1 illustrates how fibres in a UD prepreg laminate might be 
arranged. UD prepregs have highly aligned fibres with a regular packing 
arrangement that allows for a high Fibre Volume Fraction (Vf) and it is these 
properties that give UD prepregs their exceptional in-plane properties. 
 
 
Figure 1: Illustration of fibre alignment in two layers of a cross-ply UD prepreg 
laminate (1) 
 
A further benefit of UD prepregs is the ability to optimise the layup for a specific load 
scenario. As each ply is discrete from the others, the plies can be laid up in any 
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orientation and order. While the other classes of material can be manufactured with 
a variety of ply orientations there are a limited number of ply angles commercially 
available (as opposed to the effectively infinite arrangement possibilities of UD 
prepreg laminates). In addition, UD prepregs are well disposed to automated 
placement. Automated CNC fibre/tape placement equipment is commercially 
available that can lay down prepreg material in specific orientations, locations and 
thicknesses to optimise the component for its design load. 
 
3.1.2 2D Fabrics 
 
There are a wide variety of fabric architectures for FRPs (see Figure 2). That the 
reinforcement in FRPs is fibrous allows for a range of different composite materials 
to be produced to suit the requirements of a given role. As a result FRPs well serve a 
variety of disparate industries, from Aerospace to Sports.  For example; skis and 
snowboards are constructed from plain woven (biaxial, triaxial and quadraxial) fabric, 
NCFs (UD, biaxial and triaxial) and braided (triaxial) fabrics. However, for this project 
only NCFs will be tested from this class of materials so they will be the focus for this 
sub-section. 
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Figure 2: Examples of 2D and 3D woven fibre architectures (2) 
 
Although NCFs are available in a single layer UD format this is a much less common 
format than NCFs composed of multiple plies oriented along multiple axes. There are 
a variety of processes to produce NCF materials. One of the most common is the 
LIBA process. Referring to Figure 3, the process involves fibre yarns being feed from 
a system of creels (1) to placement heads (2) that lay the yarns onto a table at the 
desired angle. The placement heads travel across the table laying down yarns and 
attaching them to a chain of needles (3) that fix the yarns in pace and roll along the 
table moving the material along. 00 fibres are placed last by an overhead feed (4) 
before the layup is stitched together by a warp knitting machine (7). It is also 
possible to add layers of chopped strand mat using a chopper system (5) before the 
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material receives the 00 plies. Further layers of mat/fabric can be added using a two 
roll system (6). 
 
 
Figure 3: Illustration of LIBA's process for manufacturing NCFs. 1= Creel system. 2= 
tow placement heads. 3= chain of needles along edge that secure and carry yarns. 
4= 00 fibre feed. 5= Chopping system. 6= roll carrier. 7 Knitting machine to produce 
the stitches that hold the layers together (2) 
 
An illustration of the sort of material that can be produced by the LIBA process is 
shown in Figure 4. The process is flexible and can produce a variety of lay-ups. The 
limitations to the possible lay-ups are dictated by the number and orientation of the 
stations/placement heads on the system. Also, in order to minimize the 
damage/crimp caused to the materials there are some limitations to tow size and ply 
thickness/aerial density. The width of the material produced is limited by the width of 
the machines. The fibre deposition rate for this and similar processes is high and the 
thickness of the resultant material allows for the rapid layup of laminates when 
compared to prepregs. As NCFs are much less crimped than other woven 2D fabrics 
the in-plane properties of NCFs can be significantly higher than traditional 2D woven 
composites (3). 
 
2 
1 
5 
4 
3 
6 7
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Figure 4: An illustration of a layup that can be produced by a machine similar to that 
shown in Figure 3 (4) 
 
3.1.3 3D Woven Fabrics 
 
The description of fabric performs as being ‘3D woven’ has been used to describe 
materials with out-of-plane fibres within the structure. However, there is a large 
degree of variation between fabrics that can all be described as ‘3D woven’. The 
class of 3D woven materials can be more accurately broken down into three groups; 
orthogonal woven, layer-to-layer interlock woven and through thickness interlock 
woven. Side-view representations of these three types of 3D woven composite are 
shown in order in Figure 5. 
 
 
Figure 5: The three classes of fabric that make up the '3D woven’ group of fabrics. 
From left-to-right the diagrams represent orthognal, layer-to-layer interlock and 
through thickness interlock 3D woven materials (4). 
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However, while these three sub-categories seem to have gained acceptance within 
the Literature they do not relate the process used to manufacture each architecture 
to the fabric produced and there are significant differences within this area. For 
example, Figure 6 and Figure 7 show orthogonal 3D woven composites. Comparison 
of these images instantly reveals that they are very different in structure to each 
other. 
 
 
Figure 6: Cross-section view of 
orthogonal 3D woven composite made 
using a computer controlled jacquard 
loom (5) 
 
Figure 7: Cross-section view of an 
orthogonal 3D woven composite made 
by 3TEX and marketed under the 
name 3WEAVE® (6). 
 
There are a range of limitations to the production of 3D woven composites. At the 
moment the in-plane fibres within 3D woven composites are limited in orientation to 
00 or 900 (5). The addition of out-of-plane fibres results in a decrease in the proportion 
of in-plane fibres as well as decreasing the overall obtainable Vf. Bogdanovich 
calculated the upper bound on the Vf of an orthogonal 3D woven composite as a 
function of out-of-plane fibre tow size using a range of assumptions (fibre diameter, 
                                            
5 A method which appears to produce orthogonally woven multiaxial fabrics by weaving rather than 
stitching has appeared in the literature. However not enough information is available to ascertain the 
process involved (8)     
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packing fraction etc...). Figure 8 shows the maximum Vf Bogdanovich predicted 
would be obtainable. 
 
 
Figure 8: Effect of out-of-plane fibre tow size (in thousands of fibres) on maximum 
obtainable Vf (7). 
 
The cause of the decrease in Vf can be easily understood by comparison of Figure 9 
of Figure 10 which represent unit cells of an orthogonal 3D woven composite with 
different size out-of-plane fibre tows. As can be seen, as the size of the out-of-plane 
tows increases so too does the separation between the in-plane tows which leads to 
a drop in the obtainable Vf of the material. It appears from the methods that were 
used that Bogdanovich assumed no in-plane or out-of-plane crimp was present in 
the material. This assumption would appear consistent with other work(6) published 
where Bogdanovich stated that the 3WEAVE material showed “no crimp, no 
waviness, and no irregularities“. While this may be a reasonable simplification for the 
purpose of identifying the general relationship between Vf and out-of-plane tow size, 
it is highly suspect as an assumed truth. 
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Figure 9: Idealized unit cell of 3D 
woven composite with thick (12K) out-
of-plane reinforcing tows 
 
Figure 10: Idealized unit cell of 3D 
woven composite with thin (0.1K) out-
of-plane reinforcing tows 
 
In one paper (8) a 3D orthogonally woven composite was described with a multiaxial 
quasi-isotropic layup. While multiaxial composites with out-of-plane reinforcement 
have been produced using stitching the stitching process is carried out as a 
secondary process after layup. From the process described in (8) it appears as 
though the tows in the fabric are oriented using a process like that used to produce 
NCF fabrics (e.g. by the LIBA process). However, the process for the 3D multiaxial 
material differs from the process for NCFs by reinforcing through the thickness with 
relatively thick tows of carbon fibre. In addition the geometry of the out-of-plane 
reinforcement is that of an orthogonally woven 3D composite. As a result this 
appears to be a 3D weaving process and the first one encountered by this author 
that is capable of producing multiaxial 3D fabrics. 
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Figure 11: Machine for producing a 3D orthogonally woven fabric with a multiaxial 
layup (8) 
 
 
Figure 12: Representation of 3D woven composite with orthogonal out-of-plane 
reinforcement and multiaxial layup (8) 
 
47 
 
3.1.4 The Motivation for 3D Woven Composites 
 
 
The main motivations for the implementation of 3D woven composites are twofold. 
The first reason is cost. 3D woven composite can be produced in very thick sections 
compared to 2D woven composites, NCFs or prepregs. As a result the layup time for 
a component can be considerably decreased by the use of 3D composites. Daimler-
Benz conducted a research program to investigate the reduction in manufacturing 
time that could be achieved using textile composites and thermoplastic matrices for 
the leading edge of a fighter plane fin (9). Figure 13 shows the time-savings 
achieved. The savings in time when using a 3D woven composite are considerable.
 
 
Figure 13: Manufacturing times for a leading edge for a fighter plane using UD, 2D 
and 3D composites with PEEK matrices (9) 
 
In addition to the study of the fin leading edge, Daimler-Benz performed a study on 
the time saving that could be achieved by using a single layer of a thick 3D woven 
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composite instead of using twenty layers of conventional 2D glass fibre fabric. The 
3D woven composite offered considerable savings due to time savings in cutting and 
layup (9). 
 
 
Figure 14: Manufacturing times for a composite engine mount using 2D and 3D 
woven composites (9). The embedded illustration represents the size, loadings and 
construction of such a composite engine mount 
  
The other main motivation for using 3D woven composites is to improve the out-of-
plane strength of the composite and increase damage tolerance. While the in-plane 
performance of FRPs can be exceptional the fact remains that the plies of a 
composite laminate are held together by the matrix alone which is extremely weak in 
comparison to the in-plane properties of such composites. The addition of out-of-
plane reinforcement could significantly improve this deficiency in FRPs. 
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3.2 Modelling of Fibre Reinforced Composites 
 
3.2.1 Stiffness 
 
In order to exploit the full capability of FRPs it is necessary to understand and model 
their behaviour. The composite nature of FRPs requires an approach different to that 
of an isotropic material. The modelling of any composite essentially consists of 
splitting the material down into components that can be reasonably analysed and 
then building up an understanding of the whole material from the behaviour of these 
constituent components. The modelling of composites can be performed on multiple 
scales. These scales can be classified as the micro-scale and the macro-scale. 
Micro-scale modelling involves analysis of the fibre and matrix as separate 
components, i.e. as a heterogonous anisotropic material. A typical example of this 
would be the analysis and prediction of properties of an individual ply of UD material 
from the properties of the matrix and fibres along with the geometry of the ply. The 
output of this micro-scale analysis can then be used for macro-scale analysis. 
Macro-scale analysis involves treating a composite as being composed of 
anisotropic, but homogenous, elements as opposed to treating the material as 
heterogeneous as for macro-mechanical analysis. For textile composites it is 
common for the material to be additionally analysed at an intermediate scale; the 
meso-scale. At the meso-scale the composite is considered as a heterogeneous 
material comprised of homogenous orthotropic reinforcement (e.g. a section of fibre 
tow) in an anisotropic matrix.       
 
3.2.2 Classical Laminate Analysis (CLA) 
 
3.2.2.1 Lamina stiffness 
 
While the purpose of this report is not to explain/derive CLA, the extensive use of 
CLA in this report warrants a brief overview of the topic. In addition, aspects of CLA 
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are ubiquitous in other models for composites. CLA is a well known method for the 
macro-mechanical analysis of FRPs. CLA treats individual laminae as the building 
blocks of a laminate. Through symmetry it can be shown that the general relationship 
for a lamina loaded along its principal (fibre) direction is 
 
ߝ௜ ൌ ௜ܵ௝ߪ௝     ݅, ݆, ൌ 1,2,6  Equation 1 
 
Where the compliance matrix ‘S’ is defined as  
 
ۏ
ێێ
ێێ
ێ
ۍ 1ܧଵଵ െ
ݒଵଶ
ܧଶଶ 0
െ ݒଵଶܧଵଵ
1
ܧଶଶ 0
0 0 1ܩଵଶے
ۑۑ
ۑۑ
ۑ
ې
 
 
Equation 2 
 
Similarly the stress-strain relationship can be described by 
 
ߪ௜ ൌ ܳ௜௝ߝ௝     ݅, ݆, ൌ 1,2,6  Equation 3 
 
Where the stiffness matrix ‘Q’ is defined as  
 
ܳ ൌ
ۏ
ێ
ێ
ێ
ۍ ܧଵଵ1 െ ݒଵଶݒଶଵ െ
ݒଵଶܧଵଵ
1 െ ݒଵଶݒଶଵ 0
െ ݒଵଶܧଶଶ1 െ ݒଵଶݒଶଵ
ܧଶଶ
1 െ ݒଵଶݒଶଵ 00 0 ܩଵଶے
ۑ
ۑ
ۑ
ې
 
 
Equation 4 
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In the case where a lamina is loaded off its principal directions it is useful to 
transform the stresses/strains from the applied direction to the principal material 
direction and vice-versa. To do this a transformation matrix ‘T’ is used and the stress 
along the principal coordinate system is related to the load in the new coordinate 
system by 
 
൥
ߪଵߪଶ߬ଵଶ
൩ ൌ ൥
ܿଶ ݏଶ 2ܿݏ
ݏଶ ܿଶ െ2ܿݏ
െܿݏ ܿݏ ܿଶ െ ݏଶ
൩ ൥
ߪ௫ߪ௬߬௫௬
൩ ൌ ሾܶሿ ൥
ߪ௫ߪ௬߬௫௬
൩ 
 
Equation 5 
 
Where c = cosθ and s = sinθ. Alternatively, the stresses in the lamina’s new 
coordinate system can be found from the stresses in the lamina’s principal direction 
 
൥
ߪ௫ߪ௬߬௫௬
൩ ൌ   ൥
ܿଶ ݏଶ െ2ܿݏ
ݏଶ ܿଶ 2ܿݏ
ܿݏ െܿݏ ܿଶ െ ݏଶ
൩ ൥
ߪଵߪଶ߬ଵଶ
൩ ൌ ሾܶିଵሿ ൥
ߪଵߪଶ߬ଵଶ
൩ 
 
Equation 6 
   
Similarly to the transformation of the stresses in the material, the tensor strains6 can 
also be transformed  
 
቎
ߝଵߝଶߛଵଶ 2ൗ
቏ ൌ ൥
ܿଶ ݏଶ 2ܿݏ
ݏଶ ܿଶ െ2ܿݏ
െܿݏ ܿݏ ܿଶ െ ݏଶ
൩
ۏ
ێێ
ۍ ߝ௫ߝ௬ߛ௫௬ 2ൗ ے
ۑۑ
ې
ൌ ሾܶሿ
ۏ
ێێ
ۍ ߝ௫ߝ௬ߛ௫௬ 2ൗ ے
ۑۑ
ې
 
 
Equation 7 
 
Combining Equation 2 with Equation 5 yields: 
 
                                            
6 These transformations are for tensor strains and in order for these relationships to be commutable it 
is necessary to use γ12/2 as the shear strain component in tensor form. 
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൥
ߪ௫ߪ௬߬௫௬
൩ ൌ ሾܶሿିଵሾܳሿ
ۏ
ێێ
ۍ ߝ௫ߝ௬ߛ௫௬ 2ൗ ے
ۑۑ
ې
 
 
Equation 8 
 
And as the relationship between global and local strains (Equation 7) can be 
swapped around and rewritten as 
 
቎
ߝଵߝଶߛଵଶ 2ൗ
቏ ൌ ሾܴሿሾܶሿሾܴሿିଵ
ۏ
ێێ
ۍ ߝ௫ߝ௬ߛ௫௬ 2ൗ ے
ۑۑ
ې
 
 
Equation 9 
 
Where 
 
ሾܴሿ ൌ ൥
1 0 0
0 1 0
0 0 2
൩ 
 
Equation 10 
 
We can find 
 
൥
ߪ௫ߪ௬߬௫௬
൩ ൌ ሾܶሿିଵሾܳሿሾܴሿሾܶሿሾܴሿିଵ
ۏ
ێێ
ۍ ߝ௫ߝ௬ߛ௫௬ 2ൗ ے
ۑۑ
ې
 
 
Equation 11 
 
The expansion of the five matrices7 on the right hand produces a matrix which is 
known as the transformed stiffness matrix, or തܳ୧୨, where the components are 
                                            
 
  53
 
തܳଵଵ ൌ Qଵଵcସ൅Qଶଶsସ ൅ 2ሺQଵଶ ൅ 2Q଺଺ሻsଶcଶ  Equation 12 
തܳଶଶ ൌ Qଵଵsସ൅Qଶଶcସ ൅ 2ሺQଵଶ ൅ 2Q଺଺ሻsଶcଶ  Equation 13 
തܳଵଶ ൌ ሺܳଵଵ൅ܳଶଶെܳ଺଺ሻݏଶܿଶ൅ܳଵଶሺݏସܿସሻ  Equation 14 
തܳଵ଺ ൌ ሺܳଵଵെܳଵଶ െ 2ܳ଺଺ሻܿଷݏ െ ሺܳଶଶ െ ܳଵଶ െ 2ܳ଺଺ሻݏଷܿ  Equation 15 
തܳଶ଺ ൌ ሺܳଵଵെܳଵଶ െ 2ܳ଺଺ሻݏଷܿ െ ሺܳଶଶ െ ܳଵଶ െ 2ܳ଺଺ሻܿଷݏ  Equation 16 
തܳ଺଺ ൌ ሺܳଵଵ൅ܳଶଶ െ 2ܳଵଶ െ 2ܳ଺଺ሻݏଶܿଶ െ ܳ଺଺ݏଶܿଶ  Equation 17 
 
Equation 11 is cumbersome so is normally written as 
 
൥
ߪ௫ߪ௬߬௫௬
൩ ൌ ቎
തܳଵଵ തܳଵଶ തܳଵ଺തܳଵଶ തܳଶଶ തܳଶ଺തܳଵ଺ തܳଶ଺ തܳ଺଺
቏
ۏ
ێێ
ۍ ߝ௫ߝ௬ߛ௫௬ 2ൗ ے
ۑۑ
ې
 
 
Equation 18 
   
3.2.2.2 Lamina strength 
 
3.2.2.2.1 Maximum Stress Criterion 
 
This simplistic criterion is analogous to the maximum stress criterion for an isotropic 
material. This criterion predicts failure to occur when the stress in any principal axis 
of a lamina exceeds the lamina’s corresponding strength. Conversely, the material 
will not fail while these stresses are below the materials strength in the relevant 
direction and this can be represented by the following inequalities 
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െܵ௅ି ൏ ߪଵ ൏ ܵ௅ା  Equation 19 
െ்ܵି ൏ ߪଶ ൏ ܵା்  Equation 20 
ܵ௅் ൏ |߬ଵଶ|  Equation 21 
 
 Where ‘S’ denotes the material strength, the subscripts denote the direction of the 
load (i.e. ‘L’ for longitudinal) and the superscript denotes whether the strength value 
is compressive or tensile. As can be seen, this criterion assumes that the sign of the 
shear stress does not matter. It also assumes that there is no interaction between 
the stress components. 
 
3.2.2.2.2 Maximum Strain Criterion 
 
The maximum strain theory for an orthotropic laminate is an extension of Saint 
Venant’s Maximum Normal Strain Theory and was proposed by Waddoups in 
1967(10). The criterion predicts failure when the strain component in any of the 
lamina’s principal materials axes exceeds the corresponding ultimate strain. Thus 
the criterion predicts failure will not occur if the following inequalities are satisfied 
 
െ݁௅ି ൏ ߝଵ ൏ ݁௅ା  Equation 22 
െ்݁ି ൏ ߝଶ ൏ ݁ା்  Equation 23 
݁௅் ൏ |ߛଵଶ|  Equation 24 
 
As with the Maximum Stress criterion, it is assumed that shear failure is independent 
of the sign of shear and does not account for interaction between stress 
components. 
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3.2.2.2.3 Tsai‐Hill Criterion 
 
Perhaps the most widely used failure criterion for isotropic materials is von Mises’ 
yield criterion. As with the maximum stress and strain criteria, there is also an 
analogous criterion to von Mises’ for composite materials. Hill developed a failure 
criterion for anisotropic materials based on von Mises’ criterion. Hill’s criterion was 
then extended by Azzi and Tsai and Tsai to fibre reinforced composites (10). The 
criterion predicts failure to occur when the following conditions are met: 
 
ߪଵଶ
ܵ௅ଶ െ
ߪଵߪଶ
ܵ௅ଶ ൅
ߪଶଶ
ܵଶ் ൅
߬ଵଶଶ
ܵ௅ଶ் ب 1 
 
Equation 25 
 
The values for the strength terms ‘S’ is dependent on the sign of the loading. If the 
loading is compressive in a given direction then the compressive strength for that 
direction should be used. The Tsai-Hill criterion does consider the interaction 
between stress components. However, as it is based on von Mises’ criterion, which 
is a criterion for ductile yielding, it predicts that failure cannot occur due to a 
hydrostatic stress. 
 
3.2.2.2.4 Tsai‐Wu Criterion 
 
In 1972 Tsai and Wu proposed general interactive criterion. For the case of plane 
stress the criterion reduces to 
 
ܨଵଵߪଵଶ ൅ ܨଶଶߪଶଶଶ ൅ ܨ଺଺ߪ଺ଶ൅ܨଵߪଵ ൅ ܨଶߪଶ ൅ 2ܨଵଶߪଵߪଶ ൒ 1  Equation 26 
 
With failure occurring when the equation is satisfied. The various ‘F’ terms are 
experimentally determined strength tensors 
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ܨଵଵ ൌ 1ܵ௅ାܵ௅ି  
 
Equation 27 
ܨଵ ൌ 1ܵ௅ା െ
1
ܵ௅ି  
 
Equation 28 
ܨଶଶ ൌ 1ܵା்்ܵି  
 
Equation 29 
ܨଶ ൌ 1ܵା் െ
1
்ܵି  
 
Equation 30 
ܨ଺଺ ൌ 1ܵ௅ଶ்  
 
Equation 31 
 
The term F12 can be viewed as an interaction parameter and requires biaxial testing 
of the material in question. As well as being more difficult to carry out than uniaxial 
testing, more tests need to be done to ascertain this parameter as it could have a 
range of values depending on the combination of loading conditions (e.g. tension-
tension, tension-compression etc...) and relative magnitude of the loads applied. A 
more recent proposal by Tsai and Hahn has been to use the following for F12: 
 
ܨଵଶ ൌ ሺܨଵଵܨଶଶሻ
ଵ ଶ⁄
2  
 Equation 32 
 
3.2.2.3 Laminate Stiffness 
 
Knowing the properties of individual plies of a laminate allows us to build up a model 
of the behaviour of the laminate as a whole. The strain-displacement equation of a 
laminate can be represented by: 
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Equation 33 
 
The mid-plane strains are represented by  
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ߛ௫௬଴
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ۏ
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ۍ ݀ݑ଴݀ݔ
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ې
 
 
Equation 34 
 
The mid-plane curvatures8 are 
 
ۏێ
ێێ
ۍ ݇௫݇௬
݇௫௬ 2ൗ ےۑ
ۑۑ
ې
ൌ ݖ
ۏ
ێێ
ێێ
ێ
ۍെ݀
ଶݓ଴
݀ݔଶ
െ݀
ଶݓ଴
݀ݕଶ
݀ଶݓ଴
݀ݕ݀ݔ ے
ۑۑ
ۑۑ
ۑ
ې
 
 
Equation 35 
 
The force in a ply per unit length is just the stress in the ply multiplied by its 
thickness. For continuity of the expressions for bending moments and latter analysis 
it is convenient to express this as an integral and the force in a ply is: 
 
                                            
8 A small angle assumption/approximation is required 
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቎
௫ܰ
௬ܰ
௫ܰ௬
቏ ൌ න ൥
ߪ௫ߪ௬߬௫௬
൩ ݀ݖ
௛/ଶ
ି௛/ଶ
 
 
Equation 36 
 
As the moments are simply the forces multiplied by their distance of action their 
expression is similar: 
 
቎
ܯ௫ܯ௬
ܯ௫௬
቏ ൌ න ൥
ߪ௫ߪ௬߬௫௬
൩ ݖ݀ݖ
௛/ଶ
ି௛/ଶ
 
 
Equation 37 
 
To find the force or moment per unit length in a composite of n plies one simply 
sums the forces in each ply of the laminate: 
 
቎
௫ܰ
௬ܰ
௫ܰ௬
቏ ൌ ෍ න ൥
ߪ௫ߪ௬߬௫௬
൩ ݀ݖ
௞ೖ
௛ೖషభ
௡
௞ୀଵ
 
 
Equation 38 
 
቎
ܯ௫ܯ௬
ܯ௫௬
቏ ൌ ෍ න ൥
ߪ௫ߪ௬߬௫௬
൩ ݖ݀ݖ
௞ೖ
௛ೖషభ
௡
௞ୀଵ
 
 
Equation 39 
 
To find the strain within the material due to mid-plane stresses and curvatures we 
substitute Equation 18 into Equation 36 and Equation 37 respectively to obtain 
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Equation 40 
 
 
቎
ܯ௫ܯ௬
ܯ௫௬
቏ ൌ ෍ න ቎
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Equation 41 
 
It can be seen that the terms relating the mid-plane force that arise due to curvature 
are the same as those relating mid-plane strain to bending moments. The implication 
of this is that an axial strain can give rise to a curvature and vice-versa .This matrix is 
often described as a coupling matrix as a result. The other two matrix products are 
unique and it common to express the above in terms of sub matrices labelled A, B 
and D within a larger 6x6 matrix called the ABD matrix 
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Equation 42 
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Manipulation of the ABD matrix (and its inverse) is the core of CLA and allow for the 
prediction of elastic behaviour. Stresses and strains within plies of a laminate can be 
found and compared to suitable failure criterion to predict failure of the material.  
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3.3 Modelling of Composite Fabrics  
 
Modelling of FRPs involves the analysis of composites at micro and macro scales. 
For macro-scale modelling the composite is broken down into repeating elements 
with continuous properties. For composites made of UD prepregs the natural 
element of choice is a thin plate. However, for woven composites such elements are 
unsuitable as the orientation of tows within the material varies and consequently so 
do its properties. 
 
There have been a variety of methods put forward for modelling 3D woven 
composites. However a review of these methods in isolation would be deficient. 
Models for 3D woven composites have characteristics that have been inherited from 
models for 2D composites. As a result, discussion of the models for 2D composites 
is necessary for gaining an insight into the assumptions and limitations of 3D 
composites. Models that consider misorientation of tows in one and two dimensions 
will be considered and the predicted effect on in-plane properties will be reviewed. 
There are models for the out-of-plane properties of 2D woven composites but purely 
compressive or tensile out of plane loadings are not the focus of this work they will 
not be included. 
 
3.3.1 2D woven composites 
 
Although there are many variations of models for 2D FRPs there is a common 
lineage between them and their assumptions. All of the models available break down 
a composite into repeating unit cells. The properties of a composite are defined by 
the properties of these unit cells.  The behaviour of these unit cells is the subject of 
the models for 2D composites. There is a range of modelling techniques for the unit 
cells and they can be broadly classified by the number of dimensions for which they 
consider tow misorientation. 
 
  62
3.3.1.1 One Dimensional Models 
 
Models for woven composites that accounted for fibre crimp in one dimensions were 
first published by Ishikawa in 1981(11), not in 1982 as is frequently stated (e.g. (12) 
and (13)). Subsequently, further papers on two new models were published by 
Ishikawa and Chou ((14), (15), (16)). Although (11) is the first publication of these 
models it appears to have received little attention compared to latter publications by 
Ishikawa and Chou (as evidenced by the frequent citation of (16) as the earliest 
paper on the subject). This is likely due to the relative obscurity of the Journal within 
which (11) was published. In addition, (11) only described one model, which would 
latterly be called the Mosaic Model. 
 
3.3.1.2 Mosaic Model 
 
Ishikawa and Chou proposed three methods for modelling fabric FRPs; the Mosaic 
Model (MM), the Fibre Undulation Model (FUM) and the Fibre Bridging Model (FBM). 
Both the FUM and FBM inherited characteristics of the MM and as a result it is the 
MM which will be discussed first. 
 
The MM model starts with the identification of the smallest repeating unit cell for a 
fabric. The unit cell is described by a characteristic value, ng, which describes the 
number of cross-overs between warp and weft tows within the unit cell (Figure 15). 
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Figure 15: Examples of woven fabrics: a) plain weave (ng =2), b) twill weave (ng =3), 
c) four harness satin weave (ng =4), and d) eight harness satin weave (ng =8) (16) 
 
The MM model idealises a woven fabric as being composed of two layers. Within 
each layer the fibre tows (and fibres within the tows) are mutually aligned except in 
the area where warp and weft tow cross over. These regions are modelled as being 
made of layers with fibre tows oriented perpendicular to the other tows in the layer 
(Figure 16).  
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Figure 16: a) represents the alignment of tows within a dry woven fabric, b) 
represents the tow path within a woven composite and c) is the idealization of tow 
alignment for the MM (14) 
 
The properties of the tow elements in the MM are found using CLA. As the fibre 
cross-over regions are assumed to be identical to the other regions of the composite 
with the exception of being rotated 90 degrees, the A and D components of the ABD 
matrix for the cross-over regions and the layer above/below them are identical. 
However, a 900 rotation of the section will result in a change in sign for the elements 
of the B matrix. As a result of the change in sign in the effective B matrix for the unit 
cell as a whole is decreased with an increasing density of cross-overs. Each cross-
over effectively cancels out the B matrix contribution of a volume of regular material 
of the same size. This allows for the simple determination of the B matrix of the Unit 
cell as a whole: 
 
ܤ௜௝כ ൌ ቆ1 െ 2݊௚ቇܤ௜௝ 
 
Equation 43 
 
The ܤ݆݅כ  terms are those of the unit cell and the ܤ௜௝ terms are those of the aligned 
sections of the fabric. However, despite the simplicity of this model it has been 
restated in other papers/books incorrectly. There appears to be a trend in the 
literature on this subject to state relationships in a mathematically convoluted 
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manner. For example, rather than just stating Equation 43 the following has 
appeared in text books: 
 
ܤ௜௝כ ൌ 1ܣ௎஼ න නܤ௜௝ ݀ܣ஺ೆ಴
 
 
Equation 44 9 
 
Why the B matrix of the unit cell would be a double integral of the B matrix over the 
area of the regular materials is unknown. Further, the A matrix is not a unit of force 
over area, it is a unit of force over length so the integration with respect to area is 
also odd as the units of ܤ݆݅כ  would not be the same as those of ܤ௜௝. The terms for the 
A and D components of the matrix were similarly described as double integrals with 
respect to area.  
 
Once the properties of these elements are obtained the properties of the unit cell can 
be found in one of two ways. Firstly, the unit cell can be treated as being composed 
of homogenous strips in parallel to the applied load (Figure 17). 
 
                                            
9 In this section a ‘ * ’ denotes a unit cell’s properties (an average in these models) and an over-bar, 
‘ ഥ ’, denotes a term that has been transformed due to a divergence in tow orientation to the principal 
axis. 
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Figure 17: a) Unit cell, b) idealization of orientation in cross-over region, c) 
idealization of element for parallel model and d) idealization of element for strip 
model (16) 
 
In the scenario of the parallel plates the constitutive relationship would then be: 
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 Equation 45 
 
The other approach would be to model the material as a being composed of strips in-
line with the load. In this scenario (isostrain) the inverted form is used to model the 
behaviour of the material. 
 
There are some clear limitations to the MM. In particular, the assumption that all 
tows are aligned in-plane is a large simplification. 
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3.3.1.3 Fibre Undulation Model 
 
The Fibre Undulation Model (FUM) is a model that takes into account fibre crimp of a 
tow in one dimension. It is assumed that the path of the fibre tow is sinusoidal in the 
cross over region. In addition it is assumed that the fibres in the tow are mutually 
aligned. Crimp in the transverse tows is not considered. All fibres within a tow are 
considered to be mutually aligned (a feature common to all of the models 
encountered in the literature). 
 
 
Figure 18: Assumed geometry in the fibre cross-over region for FUM (15) 
 
Geometry provides a function for the path of the weft tow: 
 
݄ଵሺݔሻ ൌ ݄ଵ4 ൤1 െ ݏ݅݊ ൜ቀݔ െ
ܽ
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Equation 46 
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In a latter refinement (16), Ishikawa and Chou provided a function for the shape of 
the cross-section of the warp tows10: 
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Equation 47 
 
The angle of the out-of-plane misalignment within the tow can be found from simple 
trigonometry and is a function of x. The effect on stiffness of fibre misalignment with 
load is known from CLA. As the angle of misalignment within the tow is only a 
function of x the local stiffness of an infinitesimal strip can be determined by finding 
the transformed stiffness/compliance matrix of the tow at that angle. Ishikawa and 
Chou described two methods to calculate the effect of this misalignment on the 
stiffness of such a section; the first used the effective in-plane constants and the 
second using the stiffness matrix of the section. The path of transforming Q୧୨ to തܳ୧୨ 
was described as follows: 
 
തܳଵଵ ൌ Qଵଵcସ൅Qଷଷsସ ൅ 2ሺQଵଷ ൅ 2Qହହሻsଶcଶ  Equation 48 
തܳ଺଺ ൌ ܳ଺଺ܿଶ ൅ ܳସସݏଶ  Equation 49 
തܳଵଶ ൌ ܳଵଶܿଶ ൅ ܳଶଷݏଶ  Equation 50 
തܳଶଶ ൌ Qଶଶ ݋ݐ݄݁ݎ  തܳ୧୨ ൌ 0  Equation 51 
 
It should be noted that this appears similar to the transformation process for a lamina 
misaligned in its plane. However, as the misalignment is out of plane the shear 
                                            
10 NB this did not account for crimp in the warp tows, merely their shape. As a result the consideration 
of crimp is still one dimensional for this model.  
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coupling terms do not arise. Although not stated, this author assumes that the 
transformation tensor used would have been: 
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Equation 52 
 
Ishikawa and Chou then proposed the use of CLA to find the ABD matrix of slice of 
material: 
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Equation 53 
 
The inverse of the ABD matrix (which will be referred to as the abd matrix) for an 
infinitesimal slice can then be found. From there Ishikawa and Chou proposed that 
the abd matrix of the unit cell be found from Equation 54, Equation 55 and Equation 
56 
 
ܽ௜௝כ ൌ ቆ1 െ 2ܽ௨݊௚ܽቇܽ௜௝ ൅
2
݊௚ܽ න തܽ୧୨ሺxሻdx
௔మ
௔బ
 
 
Equation 54 
 
ܾ௜௝כ ൌ ቆ1 െ 2݊௚ቇ ܾ௜௝ ൅
2
݊௚ܽ න
തܾ୧୨ሺxሻdx
௔మ
௔బ
 
 
Equation 55 
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݊௚ܽ න തܽ୧୨ሺxሻdx
௔మ
௔బ
 
 
Equation 56 
 
The author’s identify the integration of the above terms as an arduous procedure and 
that numerical analysis was used to solve Equation 54 to Equation 56 as a result. 
 
3.3.1.4 Fibre Bridging Model 
 
Ishikawa and Chou proposed one more model that considered the interaction 
between the cross-over regions and the surrounding material. Ishikawa and Chou 
idealized a hexagonal unit cell into a square unit cell for the sake of simplification:  
 
 
Figure 19: a) unit cell for satin weave composite b) idealised unit cell and c) the 
constituent elements of the bridging model (16) 
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The elements A, B, D and E (as shown in Figure 19) are considered to have aligned 
tows. Region C is considered to have crimped/off-axis weft tows (the tows in line with 
the load). The justification put forward by Ishikawa and Chou for this is that tows 
transverse to the load will have little effect on the material’s response thus their 
treatment as being un-crimped would not result in significant error.  
 
Elements B, C and D are assumed to be under iso-strain conditions. This allows the 
properties of sections B, C and D to be treated as one element for the next step. 
Sections A, E and the assembly BCD are then treated as being under iso-stress 
conditions and the properties of the whole cell are then found. 
 
3.3.2 Two Dimensional Models 
 
The consideration of tow crimp into the modelling of FRPs was a major step towards 
accurately predicting the behaviour of woven composites. The extension of one 
dimensional models of fibre crimp to two dimensions was a natural progression. The 
seminal work in this area was put forward in papers by Naik and Ganesh (17) and 
Naik and Shembekar(18). 
 
3.3.2.1  Slice Array Model 
 
Naik et al put forward the Slice Array Model (SAM). This model divided a unit cell of 
a woven fabric into quarters based on the two axes of symmetry of a unit cell of 
woven fabric. These quarter sub-unit cells are then divided into slices and idealised 
as a cross-ply laminate between two layers of resin (Figure 20). 
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Figure 20: a) Unit cell; b) slices along the y direction and c) idealisation of the slices 
for SAM (17) 
 
Assuming a sinusoidal fibre path11, it is possible to find the local degree of fibre crimp 
within the fill/weft and warp strands12: 
 
ߠ௙ሺݔሻ ൌ ݐܽ݊ିଵ ݀݀ݔ ሾݖݔଶሺݔ, ݕሻሿ
ൌ ݐܽ݊ିଵ ൬ ߨ݄௪2ሺܽ௪ ൅ ݃௪ሻ ݏ݅݊
ߨݔ
ሺܽ௪ ൅ ݃௪ሻ൰ 
 
Equation 57 
 
 
ߠ௪ሺݕሻ ൌ ݐܽ݊ିଵ ݀݀ݔ ሾݖݕଶሺݔ, ݕሻሿ
ൌ ݐܽ݊ିଵ ቆ ߨ݄௙2൫ܽ௙ ൅ ݃௙൯ ݏ݅݊
ߨݔ
൫ܽ௙ ൅ ݃௙൯ቇ 
 
Equation 58 
 
The transformed compliance matrix of a slice of a layer of the material could be 
found using CLA along with the tow misorientation at that slice. The compliance 
                                            
11 ‘zx2’ and ‘zy2’ are shape functions that arise from the assumed geometry and sinusoidal fibre path 
of the tow within the fabric 
12 Subscripts denote whether the parameter is for the fill/warp (subscript ‘f’) or weft strands (subscript 
‘w’) 
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matrix as a whole is then found by integrating the compliance terms over the period 
of tow crimp and then dividing by said period of integration: 
 
ܵҧ௜௝ ൌ 1߆න ௜ܵ௝ሺߠሻ݀ߠ
௵
଴
 
 
Equation 59 
  
This method provides an average stiffness of the elements in the tow and implies an 
isostrain assumption. The values of ܵҧ௜௝ were found by numerical analysis. The 
compliance matrices for the warp/fill and weft layers were then used to find the ABD 
matrix of the unit cell using CLA. 
 
3.3.2.2 Element Array Model 
 
The Element Array Model (EAM) is a further refinement of the SAM. In this method 
the slices (as in Figure 21b) are further divided  
 
 
Figure 21: Illustration of 'slices' taken for series-parallel and parallel-series 
procedures 
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In this model the local elastic constants are found from the local tow crimp and CLA. 
The average compliances of the elements are evaluated under isostress conditions. 
The properties of the unit cell are then found from the average compliance of the 
slices under isostrain conditions. The procedure where the elements of slices are 
treated as being in series (isostress) and then the slices being treated in parallel 
(isostrain) is referred to as the Series-Parallel method. Conversely, if the elements of 
the slices are analysed under isostrain conditions then the method is referred to as 
the parallel-series method. 
 
3.3.3 Models for 3D woven composites 
 
As with 2D composites there are a variety of models for 3D woven composites. 
Models based on orientation averaging along with mixed iso-stress/iso-strain models 
will be the focus. 
 
3.3.3.1 Orientation Averaging Models 
 
Orientation Averaging Models (OAMs) treat the material as an assembly of 
homogenous orthotropic blocks. In each block all the fibres in a tow are aligned with 
each other and the tow orientation is determined by the architecture of the fabric. 
The overall properties of the unit cell can then be determined by building up the 
blocks to form the unit cell using iso-stress and iso-strain assumptions.  The first 
paper on the use of an OAM for composites with 3D reinforcement appears to have 
been published in 1973 (19) with subsequent discussion in 1978 (20) and 1981 (21). 
However, these models were only concerned with mid-plane response to axial loads, 
i.e.  The material is not treated as a laminate. Rather the model just provides a 
method for finding the stiffness of a 3D reinforced composite under direct axial 
loading. 
 
  75
It was noted that the predicted results from OAMs were far from the experimental 
results and this was largely attributed to crimp. In order to account for this Cox and 
Dadkhah (22) proposed a novel approach. Cox and Dadkhah used Digital Image 
Analysis to identify the path of the fibre tows and identify the out-of-plane 
misalignment of fibre tows. These results were used to produce a probability density 
function (PDF) for the fibre tows: 
 
క݂ሺߦሻ ൌ 1ߪక√2ߨ
݁కమ/ଶఙ഍మ  Equation 60 
 
And this in turn is used to define the cumulative distribution function (CDF) of the tow 
misalignment: 
 
ܨకሺߦሻ ൌ න క݂ሺߦԢሻ݀ߦԢ
క
ିஶ
 
 
Equation 61 
 
The distributions described in Equation 60 and Equation 61 are ‘normal’ or 
’Gaussian’ distributions. Such a distribution implies that the misalignment is due to 
random error rather than other causes, such as the geometry of the material.  
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Figure 22: Distribution of misalignment for the warp and weft direction. The smooth 
curves were obtained using a smoothing parameter (22) 
 
Figure 22 shows the measured distribution of misalignment and the ‘smoothed’ 
curves. The smoothed curves appear to approximate a normal distribution. Whether 
the measured data exhibits such a distribution is hard to tell from the information 
provided.  
 
The modulus of a misaligned tow is then found using the CDF: 
 
൏ ܧത௫ ൒ ൝න క݂
ሺߦሻ݀ߦ
ܧത௫ሺߦሻ
ஶ
ஶ
ൡ
ିଵ
 
 
Equation 62 
 
Where 1 ܧത௫ሺߦሻ⁄  is found for a given misorientation by using the (now familiar) method 
of transforming the effective elastic constants of a laminate misaligned out-of-plane, 
i.e. using CLA: 
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ܧത௫ ࢉ࢕࢙
૝ߦ ൅ ቆ ૚ࡳഥܠܡ െ
૛ࢽܠܡ
ܧത௫ ቇ ࢙࢏࢔
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Equation 63 
 
This is then used to find a ‘knock down’ factor for the moduli of the warp and weft 
yarns. 
 
Cox and Dadkah reported that the predicted moduli of their samples were 
significantly closer to the experimental values that for an OAM that did not account 
for tow crimp. However, it appeared that the method still over-estimated the moduli 
to a degree. They attributed this to an abundant range of possible irregularities that 
could arise and suggested that it was impossible to account for all such defects. 
 
3.3.3.2 Mixed Iso­stress and Iso­strain models 
 
Tan et al (23) proposed a method of finding the properties of a unit cell by 
considering it to be composed of homogenous orthotropic blocks. The unit cell is 
built up by evaluating an arrangement of blocks under iso-stress or iso-strain. The 
way in which the blocks are built up and the assumptions of their load conditions 
(iso-stress s iso-strain) determines the type of model used and its label (xyz, yxz, zxy 
or zyx model). In many ways this method could be considered an extension of the 
Mosaic model. 
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Figure 23: Assembly of unit cell from sub-blocks (23) 
 
The properties of the unit cell are then calculated and the process by which this is 
done depends on the assumed assembly method. This method also provides a 
mean for analysing the CTE of the composite material. The iso-stress/iso-strain 
model assumes fibres/tows are crimp free and this has large implications for any 
attempt to formulate a strength model based on it. 
 
3.3.3.3 Strength 
 
There have been few published attempts to model the strength of 3D woven 
composites. Consideration of the models used to predict the elastic properties of 
these materials give an indication as to why. The OAM and iso-stress/iso-strain 
models assume that the fibres and tows within an element are aligned. However, 
these models over predict the moduli for the materials they are investigating. This 
has been universally attributed to crimp in the material that has not been accounted 
for by the models. The reduction in stiffness associated with off-axis loadings is well 
known and explains the error in these models. However the reduction in strength of a 
composite subject to off-axis loadings can be more extreme than that of the stiffness. 
This is well illustrated by Figure 24. 
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Figure 24: Strength as a function of loading angle off fibre direction for a UD lamina. 
The properties for the lamina shown were calculated from micromechanics on the 
basis of the properties of RTM-6 resin and Toho Tenax HTA 40 fibres at a Vf of 60% 
 
It is immediately apparent that a small degree of fibre misalignment can lead to a 
very large decrease in strength. As a result any model that does not take into 
account fibre misorientation will not be able to account for the strength of these 
materials. 
 
Currently the only Non-FE method of evaluating the strength of 3D woven 
composites that has had a degree of success is that based on Cox and Dadkhah’ 
model. Their model accounted for fibre misalignment using a cumulative density 
function. The drawback of their method is that probabilistic methods like the one 
used were not intended for use with analysis of composite materials. Probabilistic 
methods like the CDF function are designed for analysing independent events, e.g. 
the result of a coin toss is independent of the result of prior coin tosses. These 
methods do not consider the location (either temporally or physically) of an event or 
value. However, the effect of fibre crimp on tow properties is not independent of 
other factors. The effect on strength of a concentration region of fibre crimp will be 
much greater than the effect of a dispersion of fibre crimp, even thought the CDF of 
the crimp may be the same. 
 
M
Pa
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3.4 Experimental methods and results 
 
The possible combinations of fibre architectures, reinforcement fibres and matrix 
materials for 3D woven composite materials are almost limitless. In addition, 3D 
woven materials that are nominally in the same category (e.g. orthogonally woven) 
can be vastly different in the structure. Given the range of possible variations of 3D 
composites, the depth of literature on the subject is extremely shallow. The lack of 
literature combined with the variation in the composition of 3D woven composites 
means that it is currently not reasonable to draw firm conclusions on the relative 
performance of different 3D woven architectures, In addition, it is not common for 
papers investigating 3D woven composites to test ‘conventional’ composites such as 
NCF or prepreg laminates to provide a base line for comparison. As a result it is also 
difficult to ascertain the difference in performance between 3D woven composites 
and more conventional unidirectional and 2D composites.  
 
The test methods used for experimental evaluation of 3D woven composites were 
highly varied. While variation in test methodologies such as sample size and shape 
may not immediately stand out as important their effects are not to be discounted. 
Figure 25 and Figure 26 show the measured compressive strength and moduli for a 
range of CFRP samples fabricated from UD prepregs tested by different laboratories. 
In order to avoid discrepancies from processing all the samples for a given type 
came from one lab. 
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Figure 25: A comparison of the 
measured Young's moduli for six 
different CFRPs tested by seven 
different laboratories (24) 
 
 
Figure 26: A comparison of the 
measured Moduli from seven different 
laboratories (24) 
 
The labs were all experienced with composites and used standardised test methods 
(of their choice). Figure 25 and Figure 26 clearly show that there is huge range of 
scatter for the compressive moduli and strength of the materials tested. In addition, 
despite the fact that each lab used a standardised test method it is very clear that 
some labs produced consistently higher values than others. The only explanation for 
this is that different standardised test procedures lead to very different results, even 
for a test as seemingly straight forward as a compression test. 
 
It was also noticeable that none of the papers reviewed made an attempt to address 
the size of the unit cells in 3D woven materials in relation to the size of the test 
specimens. The reason for this significant oversight can only be guessed at, but it is 
worrying when one considers that the book that is probably the definitive guide for 
the testing of composite materials (25) specifically discusses the importance of unit 
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cell size in relation to test sample size. Also of concern is the apparent acceptance of 
the ‘tow lock-up’ mechanism described by Cox et al (26). Given the lack of test data 
and the out-dated test methodology used for the tensile testing of the 3D woven 
material the acceptance of such a mechanism appears premature. 
 
3D woven composites exist as a relatively new category of composite material. 
Published investigations into the behaviour of 3D woven composites have led 
credence to the concept of 3D woven composites being more economical and 
damage tolerant than traditionally laminated composite materials. However, the body 
of research on 3D woven composites is relatively immature with the volume of 
published work being very limited. This problem is further compounded by the huge 
array of variations in weaving process, reinforcement, matrix, test geometry etc...that 
have been implemented in the various papers. Consequently, quantitative 
comparison of the relative behaviour of different 3D woven structures and materials 
is not a possibility solely using data from published papers.  
 
When evaluating/modelling the behaviour of UD pre-preg composites, interest is 
typically on a scale related to the unit cell size of such material (i.e. approximately 
the thickness of a lamina). This typically leads to the largest scale of interest being 
up to a quarter of a millimetre. However, the dimensions of a unit cell of a 3D woven 
composite are typically in the order of millimetres. The relatively complex 
architecture of 3D woven composites combined with their large unit cell size leads to 
the question of whether the material can be reasonably modelled using a 
macromechanics approach. 
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3.5 Effects of Fabrication 
 
It has been observed that there is an apparent drop in the in-plane stiffness of 3D 
woven composites when compared with 2D woven composites of the same in plane 
Vf. The apparent drop in in-plane strength of 3D woven composites appears to be in 
the region of 10-50% (27)(28)(29). Obviously such a wide variation in the drop in 
stiffness is indicative of a wide variation in the techniques and materials being 
evaluated. It is also worth noting that much of the data concerning the loss in 
strength due to 3D weaving is related to glass fibre reinforced composites rather 
than carbon fibre composites. In significant contrast to the aforementioned papers, 
there appears to be evidence that suggests that woven 3D composites can display 
superior tensile properties to those of 2D woven fabrics (27). 
 
3.6 Behaviour in Tension 
 
There is a limited range of literature discussing the behaviour of 3D woven 
composites under tensile loading. The available literature appears further limited 
when one only considers those papers that concern themselves with the behaviour 
of 3D woven composites produced with carbon fibres and/or have an orthogonal 
architecture. 
 
The investigation carried out by Cox et al. used tensile test coupons of the geometry 
described in Figure 27. However, tensile testing using dog-bone shaped coupons is 
generally considered to be a poor method for evaluating the performance of 
composite materials (30). Given the use of dog-bone tensile test coupons it is 
perhaps not surprising that the paper described significant difficulties in obtaining 
consistent failure behaviour and associated data. Further with the sample 
thicknesses being around 5.6-5.7mm and the use of an angle-interlock or layered 
angle interlock as the weaving pattern it can be reasonably deduced that the 
dimensions of a unit cell of the woven material are of the same order of the width of 
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the test sample. Consequently a large degree of scatter in the results is to be 
expected.  
 
 
Figure 27; Dog bone specimen geometry used by Cox et al.(26)  
 
It appears that the predominant architecture of 3D woven composites evaluated 
within the literature is the orthogonally woven type. Information on angle-interlock 
and layered interlock weave samples is even scarcer. Callus et al (31) performed a 
comparative study on the behaviour of orthogonal, layered angle interlock and what 
Cox et al described as ‘layered offset angle-interlock’.  
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Figure 28; Behaviour of 3D woven GFRP in Warp direction (31) 
 
Figure 29; Behaviour of 3D GFRP in weft direction (31) 
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When the tensile behaviour of the three different structures used by Callus et al are 
compared there appears to be a difference between the performances of the 
different fibre architectures (e.g. the orthogonal fibre architecture demonstrates the 
best performance in the warp direction and the lowest performance in the weft 
direction). However, when the fibre volume fractions in the warp and weft direction 
are taken into account these differences are essentially negated. The data provided 
by Callus et al relating the crimp of the fibres to their differing architectures allows us 
to more reasonably draw conclusions relating to the relative performance of the fibre 
architectures investigated. The degree of crimp in these three fibre architectures is 
quite similar. Consequently it might be expected that the behaviour of differing 
architectures should be similar when other factors (such as fibre volume fraction in a 
given plane) are considered/mitigated. It is interesting to note that fibres in the 
orthogonal fabric had a slightly higher degree of crimp in both the warp and weft 
direction than the other two architectures and that the orthogonal fabric 
demonstrated the lowest strain to failure. 
 
The failure behaviour of the 3D GFRP woven composites reviewed by Callus et al 
displayed a significant difference in behaviour when compared with the 3D woven 
carbon fabric evaluated by Cox et al. Cox et al coined a phrase ‘tow lock-up’ to 
describe the behaviour of their samples. Tow lock-up was described by Cox et al as 
being responsible for the series of jagged peaks that were observed in their samples 
load vs displacement curves (see Figure 30). Lock-up was described as occurring 
during the pull-out of fibre bundles following the rupture of bundles at various points 
along their length. The process is a result of the interaction of the waviness of the 
tows and pinching features from adjacent tows. As a result of these features it is 
suggested that the contact forces on tows can be very high and that this prevents 
contacting in-plane tows from sliding. 
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Figure 30: A stress vs strain curve for one of Cox et al's tensile samples (26) 
 
However, the 3D GFRPs tested by Callus et al (31) did not exhibit the jagged peaks 
described by Cox et al, as can be seen in Figure 28 and Figure 29. The reason that 
the GFRP samples did not exhibit this tow ‘lock-up’ behaviour was attributed to a 
lower volume fraction of binding fibre in the GFRP material when compared with Cox 
et al’s CFRP material. 
 
However, these conclusions imply that both paper’s authors accept tow lock-up as 
an accepted model of the micromechanical behaviour of 3D woven composites. 
Given the fairly limited amount of data available on this subject such a conclusion 
may be premature. Further, stress-strain data for orthogonal weave CFRP composite 
presented in other papers (including one of Cox’s (26)) did not demonstrate the 
characteristic evidence of ‘tow lock-up’, i.e. a series of jagged peaks before final 
failure of the sample (Figure 30). 
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Figure 31: Stress vs strain on the top (a) and bottom surfaces of a representative 
sample from Tan et al's work (32) 
 
While tow lock-up may prove to be a valid description of the failure behaviour of 3D 
composite materials it is this author’s opinion that it would be premature to do so 
given the limited volume of literature available on the behaviour of such materials. 
Further, the effect of the dog-bone test geometry on the failure behaviour of 3D 
woven composites has not been investigated and therefore the geometry of the 
samples cannot be discounted as a possible cause for the jagged peaks that were 
observed before failure. In fact, it would not be unreasonable to suggest that the 
reason ‘tow lock-up’ was not observed in Callus et al’s work (31) may not be due to 
the low volume fraction of binding fibres (as Callus et al proposed) but due to the fact 
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that their samples were of the generally accepted straight sided geometry for 
composite tensile test pieces. 
 
During weaving and consolidation of 3D woven composites, some degree of in-plane 
waviness will occur in the warp and weft tows. In their work, Callus et al evaluated 
the extent of this waviness in each of the plies. This waviness was quantified by the 
statistical analysis of digitized images of specimen cross-sections over a length of 25 
mm. It was believed that the distance covered a sufficiently large region to yield a 
representative distribution of tow angles. The analysis was performed by measuring 
the misalignment angle of a tow (ξ) from the loading direction over approximately 
0.25 mm intervals, and then collating the measurements in the form of a probability 
distribution. It appeared that the degree of waviness was similar for the three woven 
architectures, with the misalignment being slightly higher in the weft tows than in the 
warp tows. One reason for weaving composites with different binder path 
architectures is to vary/reduce the amount of tow crimping. On a purely architectural 
basis, the tow waviness in the offset layered interlock weave was expected to be 
less than in the normal layered interlock and orthogonal weaves. However, the 
results showed that this was not the case (31). This may be because Callus et al 
used a manual loom to weave this fabric. It is believed that the tension applied to the 
binder yarn during manual weaving of the offset layered interlock fabric was 
sufficiently large to pull the warp tows towards the through-thickness centre of the 
fabric. 
 
 
Table 2: Fibre misalignment in 3D woven fabric (31)
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This had the effect of forcing the weft tows to deviate around the warp tow/binder 
intersection points, which contained tightly compacted warp tows and binders, 
leaving the weft tows with significant waviness. This illustrates the coupled effect of 
fibre architecture and weaving technique that controls tow waviness. Tow waviness 
is controlled mainly by the tensile force applied to the binder yarns, and variations in 
the tensile force are almost unavoidable during manual weaving. This problem 
suggests that 3D woven fabrics should be manufactured on looms where the tensile 
force on the warp and weft tows as well as on the binder yarns can be accurately 
controlled.
  91
3.7 Behaviour under Compression 
 
A search for papers discussing the compressive behaviour of 3D woven composites 
rapidly revealed a lack of literature relating to the subject; while the literature 
available that discusses compression of UD and (to a lesser extent) 2D composite 
materials is extensive, only three papers were found that investigated compression 
of 3D woven fabrics in any detail(33)(34)(35). 
 
Cox et al (35) investigated the compressive response of layer-to-layer and through 
thickness angle-interlock fabrics. Samples were fabricated with a straight-sided 
geometry or a ‘dog-bone’ geometry. The samples with a ‘dog-bone’ geometry had 
slightly higher moduli while strength was 20% lower and the strain at the maximum 
load was around 50% less than for the straight sided specimens. In both cases the 
samples were end-loaded and were not supported/aligned by a rig. The authors 
noted that the scatter in their results was very large. Failure of the samples was 
attributed to kink band formation in the axial tows. This is likely due to the test 
method and sample geometry employed rather than a characteristic of the material 
itself. 
 
Kuo and Ko (33)(34) used an end-supported, end-loading fixture to compress their 
samples. However, of the test methods available for compression of composite 
materials only one (ASTM D695M) allows for the use of such a jig. However, said 
ASTM test method comes with the qualification that it should not be used for high 
strength composites (i.e. it is only suitable for inexpensive chopped fibre 
composites). 3D woven CFRP certainly counts as a high strength composite.  
 
The use of an end-loaded fixture may not be as detrimental to the results as may be 
implied by standardised test methods (i.e. that end-loaded compression testing is 
invalid). The majority of the standardised compression tests for composites specify 
jigs that load the specimens by shear, or a mixed shear-end loading in some 
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instances. The reason for the preference for shear loading is the low transverse and 
inter-laminar strengths that are typical of UD and 2D composite lay-ups. However, 
the through thickness fibres in a 3D woven composite have the benefit of specifically 
increasing these properties. The increase in transverse and inter-laminar properties 
of a 3D over a UD and 2D composites may be such that it would be acceptable to 
end-load a 3D composite sample without undesirable end-effects (e.g. ‘brooming’ or 
longitudinal splitting) dominating the failure of the sample. In fact, there was no 
mention of any deleterious end effects on the samples tested. However, no 
investigation and/or images of the ends of the samples were offered as evidence for 
the lack of effects from the end-loading. 
 
When considering whether to use one of the standard compressive test methods for 
composites it would also be prudent to consider the size of the unit cell for the 3D 
composite in question. The width of test samples for supported and shear loaded 
compression tests is rather small, with the largest sample width being 10mm, as 
specified by the CRAG 400 and ICSTM (Imperial College Standard Test Method) 
compression tests. It is quite likely that such sample widths would only allow for the 
accommodation of a small number of unit cells of 3D woven material. Consequently 
such test may be subject to a large degree of scatter. 
 
In common with failure of UD and 2D carbon fibre composites the cause of failure 
was fibre buckling. Fibre buckling in 3D woven composites is believed to be initiated 
at sites of fibre misalignment and/or where defects exist. Under compression, 
misaligned fibres will tend to rotate, shearing the matrix and further bending itself. 
Similarly, defects in the material (e.g. disbonds between fibre and matrix, interface 
crack etc…) can lead to localised loss in shear strength and stiffness resulting in the 
premature buckling of fibre/tows local to the region. As the fibre buckles it will push 
into neighbouring fibres and will cause them to start to kink and fail (Figure 32, 
Figure 33). This gives rise to the formation of kink bands that are characteristic of 
compressive failure of FRPs. 
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Figure 32; Kink band in fibre along load axis (33) 
 
 
Figure 33; Twin kink bands and longitudinal splitting in inter-yarn region (33) 
 
In many ways the failure of 3D woven composites appears to be similar to that of UD 
composites. This is not surprising as in 3D woven composites axially aligned bundles 
are the major load carrying component, much as axially aligned fibres are in UD 
composites. Also, the axial bundles are arranged in a regular manner along the load 
direction, as with axial fibres in UD composites. Finally, the axial bundles are 
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supported by less rigid material (through thickness yarns and matrix) which 
surrounds them in a similar manner to the way that axial fibres are embedded in a 
matrix of weaker material. In both cases the weaker surrounding material will 
undergo significant deformation before failure.  
 
However, 3D woven fabrics do have one significant difference in that they have out-
of-plane tows and surface loops that serve to support buckled axial bundles. Kuo 
and Ko found that when kink bands grow near the surface they avoid surface loops. 
On the basis of this evidence it appears that the loops serve to constrain the buckling 
of the axial fibre, allowing for larger strains to failure for 3D woven composites when 
compared with UD and 2D composite materials. Given this it may be possible to 
improve the strain to failure (ergo; energy absorption and damage tolerance) of 3D 
woven composite by increasing the number and frequency of surface loops. 
Improvements in compressive behaviour by increasing surface stitching will most 
certainly only be effective to a point. Aside from the concurrent drop in fibre volume 
fraction of in plane fibres, an increase in the number of surface stitches will require 
more interlacing/stitching to make the loops. This process can deform the in plane 
fibre bundles and result in increased fibre crimp and a lower critical stress for 
buckling of the fibre bundles. 
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Figure 34: Compression performance of 3D woven CFRP (left bars) and 3D woven 
CFRP with the surface loops ground off (36)  
 
Kuo and Ko also examined the effect on the compressive behaviour of the woven 
composite with and without the surface stitches. They removed the surface stitches 
by grinding them off. It can clearly be seen from Figure 34 that removal of the 
surface stitches significantly reduces the strength and stiffness of the material. 
 
Another piece of work briefly described carrying out compression tests (8). Little 
detail was provided about the test methods though. The report stated the modulus 
and strength of the 3D woven material being investigated. From the stated tensile 
and compressive performance the 3D woven fabric demonstrated a 36% reduction in 
strength and a 12% decrease in modulus in compression when compared with 
tension. However, the statement of results without description of the method 
employed to obtain them gives this author cause for concern. In particular, there was 
noticeable disagreement between the stated results and information displayed in the 
graphs (e.g. Figure 35 indicates a UTS of approximately 760MPa, while the stated 
UTS in the text was 823MPa). It is possible that data logging from the strain gauges 
was stopped before failure, but this would be an unusual procedure. It is possible 
  96
that all the strain gauges disbonded from the samples before failure but it is the 
author’s experience that strain gauges attached to FRPs are typically capable of 
undergoing strains up to 2% (significantly higher than the strain attained by (8)) 
before debonding even starts to be an issue. 
 
 
Figure 35: Tensile behaviour in line and transverse to load (8) 
  
Figure 36: Compressive behaviour in line and transverse to load (8) 
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3.8 Shear Behaviour 
 
Shear testing is a notoriously difficult procedure to implement with conventional 
laminated composites, and 3D woven composites appear unlikely to break with this 
trend. The difficulty of shear testing composites is creating a region of pure shear 
within the specimen. Further it is necessary to have a unique relationship between 
the shear stress and the applied load if quantitative data is to be obtained from such 
a procedure. 
 
The difficulty in inducing a pure shear stress increases with increasing heterogeneity 
and anisotropy. As a result a limited variety of test methods have been developed to 
evaluate shear behaviour. There is no universally suitable method for the accurate 
evaluation of shear properties of more traditional (i.e. UD and 2D) composite 
materials, let alone 3D composite materials. This difficulty may go part of the way to 
explain why only three academic papers (of which two were by the same authors 
and almost identical in content) that discuss shear testing of 3D woven composites 
were found (37)(38)(39). 
 
Two of the papers, (37) and (38), utilised a variety of shear testing methods and 
attempted to compare the results. However, most of the methods used, while 
suitable for isotropic materials (e.g. steel), are not considered acceptable for the 
testing of 3D woven composites. Consequently it was not surprising to find that the 
various methods yielded very different values for the shear strength of 3D woven 
composites. The papers also argued that cutting four notches (two notches each on 
opposite sides of the length and thickness) into the test specimens for Iosipescu and 
Asymmetrical Four Point Bend (APFB) samples would provide a more consistent 
state of shear. The reasoning behind such an approach seems questionable to this 
author. For a start, such a technique would remove most of the surface stitches 
(which contribute significantly to the performance of the material) in the region of the 
apparent shear loading. 
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Kuo et al described a method for evaluating 3D woven composites under transverse 
shear. In their report they described how notching 3D woven samples was not 
appropriate as such a process would cut interlacing loops and their previous work 
had shown that such action could lead to a 40% drop in compressive strength (36). 
 
 
Figure 37: Kuo et al's fixture for applying a shear load (39) 
 
It is apparent from Kuo et al’s work that 3D woven composites will exhibit three 
distinction regions in their load displacement curves. There is an initial linear region 
which corresponds to the behaviour of the material before damage occurs. At the 
end of this region the steepness of the curve drops and delineates. This region likely 
corresponds to the onset of damage (e.g. matrix cracking and fibre debonding) that 
is non-critical. The final region is characterised by the failure of in plane fibre bundles 
(no significant damage was observed in the through thickness yarns). 
 
  99
 
Figure 38: Load vs displacement behaviour for a 3D woven sample under shear 
loading (36) 
 
Kuo et al also noted that the degree of crimp in the yarns had little effect on the 
shear properties of the samples. Consequently it may be reasonable to deduce that 
the shear properties of 3D woven composites are dominated by the properties of the 
matrix, much as shear properties are matrix dominated in UD and 2D composites.  
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3.9 Impact and Compression After Impact  
 
The application of composites in environments where impact damage is a possibility 
is limited by the ability of composite materials to retain mechanical properties post-
impact. Consequently, Compression After Impact (CAI) behaviour is an important 
performance characteristic for an FRP for many applications, particularly Aerospace. 
While there has been a range of journal papers on the impact response of 2D woven 
composites, the same cannot be said for the post-impact behaviour of 3D woven 
composites. As a result of this lack of literature, findings from impact and CAI testing 
on conventional 2D composites will also be discussed. 
 
There is a range of standardised impact testing procedures for FRPs. However, the 
standardisation of these procedures does not mean that results obtained from one 
test method are comparable to results from another method. Changes in impactor 
size and mass, specimen geometry and support conditions all affect the distribution 
and relative proportion of tensile, compressive and shear forces within a 
sample(25)(40). Specimens with a low flexural stiffness will absorb a large amount of 
energy through elastic deformation (41)(42). Cantwell observed that samples with a 
lower rigidity (e.g. thinner or +/- 450 layups) exhibited initial damage on the opposite 
side of impact due to flexural loadings. However, the thick specimens with a high 
flexural rigidity exhibited local damage consistent with Hertzian contact stresses and 
failure was initiated on the impactor side of the sample. 
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Figure 39: A representation of the damage induced in a) a low span/thickness ratio 
sample and b) the damage formation in a high span/thickness ratio sample (43) 
 
Some general observations about the relationship between sample thickness and 
energy absorbed have been recorded. A common description is that of a linear (or 
very close to linear) relationship between absorbed energy and damaged area size. 
This relationship has been described in papers investigating 3D woven composites 
as well as conventional composite materials/fabrics. While experimental results do 
bear this out it has also been reported that as thickness/flexural rigidity increases 
there is a change from a flexure dominated failure to a contact force dominated 
failure (44). As a result generalised relationship such as damaged area is 
proportional to thickness should be considered valid only over the test range 
investigated.  
 
Relationships between material properties and post-impact performance can be 
generalised for conventional FRPs. The most important properties for impact 
resistance/post impact strength are fibre strength (45) and mode 2 fracture 
toughness of the resin. The effect of a comparatively high strain to failure fibre on 
Tension After Impact and CAI are shown in Figure 40 and Figure 41. 
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Figure 40: Effect of a high strain to 
failure fibres (system A, made with 
AS4 fibres) and lower strain to failure 
CFRP on Tension After Impact 
performance (45) 
 
Figure 41: Effect of a high strain to 
failure fibres (system A, made with 
AS4 fibres) and lower strain to failure 
CFRP on CAI (45)
 
The scope for improvement in CAI performance by increasing the Mode II toughness 
of the matrix appears large. Masters (46) showed that using higher mode II 
toughness resins led to a significant improvement in CAI performance. 
Improvements in the resin ductility have also been shown to improve CAI 
performance (47). 
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Figure 42: CAI performance can be 
greatly improved by the use of a resin 
with higher mode II fracture toughness 
(46) 
 
Figure 43: CAI strength vs flexural 
strain to failure of neat resin (47) 
 
Somewhat surprisingly, work by Masters and Evans (46)(48) showed that the Mode I 
fracture toughness of a resin did not appear to have a significant influence on the 
CAI performance of the composites tested (Figure 44). 
 
 
Figure 44: Mode I Fracture toughness does not have a discernable effect on the CAI 
performance of composites (46) 
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In addition, it is known that the stacking sequence of a laminate affects its impact 
response. A series of test involving laminates where the angle of off-axis plies was 
varied showed that the greater the angle between plies the greater the degree of 
delamination on impact (49). Hong and Liu used laminates with layups of [005/q0/005] 
where q was varied. Increasing the angle ‘q’ also decreased the impact energy at 
which damage occurred 
 
 
Figure 45: Effect of angle between plies on impact resistance (49) 
 
A series of papers by a range of authors investigated the impact resistance of 
composites with layups based on 00, 900, +/-450 plies. It was shown that laminates 
having surface plies of +/-450 had superior impact resistance and residual strength 
(50)(51). It is thought that the relatively flexible layers on the surface result in a more 
flexible laminate that is capable of absorbing more energy through elastic 
deformation/bending on impact. It was also suggested that the +/-450 surface layers 
protected 00 layers from damage. This is supported by results from Stevanovich et 
al(52) who found that (+/-450) based layup were capable of absorbing considerably 
more energy than (00/900), (00, +/-450) and (00,900, +/-450) layups. 
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While having outer plies of +/-450 may improve impact resistance the question 
remains as to whether this will improve CAI performance. The presence of 00 degree 
plies on the outer surface would seem optimal if resistance to buckling instability 
were desired. Tests done on (002,+/-450)2s laminates should them to have inferior 
CAI strength when compared to (+/-450,003,+/-450,00)s layups. So it seems that +/-450 
plies on the surface may be optimal for both impact resistance and CAI strength. 
 
Takatoya and Susuki (8) tested 3D woven material that is distinctly different to the 
3D woven composites described in the other work reviewed. While all the other 
papers on 3D woven composites encountered were cross-ply in lay Takatoya and 
Susuki used laminates with a quasi-isotropic layup made by repeating layers of 
[45/0/-45/90/90/-45/0/45] with out-of-plane reinforcement (thought to be from 3D 
weaving but may have been introduced by stitching). On the basis of the microscopy 
images provided it appears that this stacking sequence was repeated six times to 
obtain the desired thickness. They used an eight harness satin weave CFRP with a 
[(45/-45)/(0/90)/(-45/45)/(90/0] as a material for comparison (it was not possible to 
ascertain the number of repetitions of this layup sequence that were used from the 
article).  
 
 
Figure 46: Comparison of in-plane 
properties of 2D vs 3D FRPs (8) 
 
Figure 47: Comparison of open hole 
and CAI properties of 2D vs 3D FRPs 
(8) 
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The in-plane properties for the 3D woven samples were lower than for the 2D woven 
samples. However, the CAI, open hole tension and open hole compression 
properties were superior in the 3D woven material indicating that the 3D 
woven/stitched material exhibited superior damage tolerance.  
 
In a brief paper (53) the relative performance of 2D and 3D woven composites is 
described. A comparison of the performance of the materials tested is shown in 
Figure 48. However, no description of the type of 2D or 3D material used is given!  
 
Figure 48: Relative performance of 2D and 3D woven composites with epoxy or 
PEEK matrix (53) 
 
In addition to Takatoya and Susuki’s paper, references to other work on the impact 
and post-impact performance were found in a textbook (54). However, the reference 
works were all conference proceedings and this author was unable to track down the 
original literature. However, results of these works have been included in the 
aforementioned textbook and are reproduced here: 
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Figure 49: Damaged area vs Impact 
velocity for 2D and 3D woven samples 
(54) 
 
Figure 50: Compression and CAI 
strength for a 2D laminate and a 3D 
woven laminate (54) 
 
As the original documents, from which Figure 49 and Figure 50 came, could not be 
obtained it is hard to interpret this information. For example, the layups used are 
unknown, as is the nature of the reinforcement type. It is mentioned that the 
reference 2D material is made from an aerospace grade toughened prepreg system. 
Given the absolute and difference in compression strengths between the 2D 
laminate and 3D laminate in Figure 50, it seems likely that the 2D composites were 
produced from woven prepregs rather than UD prepregs. 
 
While other published literature on the impact behaviour of composites does not 
examine post-impact performance some highlights should be pointed out. 
 
A range of papers investigated impact on 3D woven composites using drop-weights, 
(55)(56) or a split Hopkinson bar on a sample in three point bending (57)(56)(58) . All 
these papers used orthogonally woven E-glass except one (57) where the material 
was an orthogonal woven E-glass-Aramid (Twaron 1000) hybrid. In these papers it 
was reported that none of the samples exhibited delaminations away from the region 
of fibre damage/impact.  
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Papers investigating the number of impacts 2D and 3D FRPs could withstand before 
perforation were carried out by Baucom et al (59)(60)(43). Plain woven fabric made 
of the same fibre type as the 3D material was tested for comparison. The 3D woven 
materials sustained more impacts and absorbed more total energy before 
perforation. However, it was reported that the 3D samples exhibited a greater area of 
damage on initial impact and up to perforation. 
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3.10 Bolt Pull Through 
 
As with other aspects of behaviour of 3D woven composites, there is little in the way 
of literature on 3D woven composites on bolt pull though testing. As a result it is 
necessary to look to research performed with conventional FRPs to gain better 
insight into the parameters affecting bolt pull-through performance. 
 
 
Figure 51: Fastener pull-through apparatus used for a variety of papers. Note that 
the samples are clamped in place (61) 
 
Kelly and Hallstrom performed a series of tests using a setup akin to that shown in 
Figure 51. They varied the layup and thickness of the samples tested as well as a 
range of different effective sample diameters. They found for one layup (62), 
[0/45/90/-45]es, that the failure load was independent of specimen diameter. In 
another layup, [0/45/90/-45]es2 , they found that the smallest diameter specimen 
(40mm diameter) had a higher failure load. The samples tested at 80mm and 
120mm diameters exhibited the same failure load (which was 15% below that of the 
40mm diameter sample). The samples with a [0/90/45/-45]es or [0/45/90/-45]es layup 
had loads to failure that were independent of sample diameter. Samples made with a 
[0/90/45/-45]vs or [0/90]vs layup showed a relationship between failure load and 
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sample diameter; the failure load increased by approximately 30% when the 
specimen size was increased from 40mm to 80mm. No change was noted between 
sample diameters of 80mm and 120mm. 
 
 
Figure 52: Representative load vs displacement curves for the quasi-isotropic 8-ply 
laminates with a layup of (a) [0/45/90/-45]s with an epoxy matrix or b) [0/90/45/-45]s 
layups with a vinyl ester matrix (61) 
 
Microscopy of the samples was performed to analyse the failure mechanics involved. 
Initial failure was attributed to intra-laminar matrix shear which occurred in sub-
surface plies under the washers. Transverse tensile failure was found in the outer 
plies of samples with low flexural rigidities. The initial damage was described as 
propagating both in-plane and through the thickness of the plies by inter- and intra-
laminar shear failure. Kelly and Hallstrom also described samples with cross ply 
layers as exhibiting more damage. Two final failure mechanisms were identified; 
fastener pull through and global collapse. Fastener pull through occurred in the 
epoxy matrix composites with the formation of inclined intra-laminar shear cracks. 
The vinyl-ester matrix composites failed globally once delaminations had propagated 
to the boundaries of the specimens.   
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Banbury and Kelly performed a thorough investigation into the bolt pull through 
behaviour of samples made with UD prepreg tape and plain weave CFRPs (61)(63). 
Using a combination of microscopy and Ultrasonic techniques Banbury and Kelly 
were able to evaluate the various failure processes/steps in their samples. Some 
samples were loaded just prior to initial failure (represented by ‘A’ in Figure 53) and 
then removed from the test equipment. Visual inspection revealed no damage but 
ultrasonic inspection and microscopy revealed slight indentation and a small amount 
of fracture in the region below the fastener head.  
 
Figure 53: A typical load vs displacement history for a sample tested by Banbury and 
Kelly (61). The radius of the unclamped region of the samples was 31.8mm thick 
with a laminate thickness of 3.5mm 
 
For each of the specimen types, a sample was immediately removed after the Initial 
Load Drop (ILD), at point B on Figure 53. These samples were then investigated 
using ultrasound and microscopy. Ultrasound revealed damage radiating out from 
the bolted region (Figure 54). Microscopy revealed that there had been extensive 
micro-cracking through the samples at this stage. Cracks initiated in the region below 
the edge of the fastener/bolt head and propagated though the sample at 
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approximately 450 (Figure 55). The cracks appear to propagate through the 
thickness of the specimen until they reach an interface at which point the cracks 
propagate along the interface for a distance before a crack propagates at the other 
side of the obstacle (i.e. ply). This creates a ‘staircase type appearance in the 
fracture path through the thickness of the material. This type of fracture path is also 
common to samples subject to low velocity impact (60).   
 
 
Figure 54: Damaged area (in grey) after initial load drop at Point B on Figure 53 (61) 
 
 
 
Figure 55: Formation of cracks after IFL. Damage appeared to originate at the bolt 
head and propagated through the sample at approximately 450 (the fracture 
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progression is approximated by the green line in this figure) (61). Although a 
scale/dimensions are not provided on the source document the approximate 
thickness of the section in view is 1.8mm 
 
Fibre damage was also evident in the samples in the region defined by the 
(nominally) 450 cone of damage. When transverse cracks intercept a ply, the fibres 
in the ply can be kinked with the side of the kink being closest to the hole being 
displaced downward/away from the loading bolt. This type of damage formation was 
restrained to the upper/bolt loaded surface of the laminates. 
 
Continued loading of the samples beyond the IFL resulted in the increased spread of 
damage radially. This damage manifested as in-plane cracks between plies (i.e. 
delaminations). Microscopy and Ultrasound were used to evaluate samples that had 
been removed from loading immediately after the load drop at D on Figure 53. The 
samples loaded up to this level did not exhibit a change in the nature or extent of 
damage compared with those samples removed at C, the FFL. 
 
The progression of damage described was largely consistent throughout the 
materials tested with differences in behaviour being those of magnitude rather than 
of mechanism. One departure from this was the behaviour of samples made with 
four or eight plies (as opposed to the 16 or 24 plies used for the other samples). 
These samples exhibited multiple small drops in load prior to the IFL. Ultrasound 
revealed the presence of damage around the periphery of these specimens following 
these load drops.  
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Figure 56: Damage formation in thin (4 or 8 ply) samples after minor load drops but 
prior to IFL (61). The damage at the periphery is on the boundary of the clamped and 
unclamped material and consequently has a diameter of 32mm 
 
 
Table 3: Materials and test parameters for Banbury and Kelly’s work (61) 
 
 
Table 4: Main result from Banbury and Kelly's work (61) 
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The common progression of failure allowed for the comparison of the effects of fabric 
architecture and fastener head size on damage progression and load carrying ability. 
Samples made with UD prepregs exhibited more extensive delamination than those 
made with woven fabric. The load drop at IFL was considerably larger for the UD 
tape specimens than for the woven specimens.  It was also found that increasing the 
fastener head radius increased both the IFL and FFL   
 
Banbury and Kelly attributed the loss of stiffness and failure of their samples to 
through thickness failure initiating at the edge of the bolt head. Of particular note is 
that they did not attribute the drop in flexural stiffness of the samples to the 
delaminations that occurred in the samples:  
“Further propagation of the damage towards the clamped boundary 
was found not to alter the residual stiffness of the laminate”.  
In addition they attributed the load vs deflection behaviour post initial failure as being 
a membrane type response rather than a flexural response. They cite others work to 
support their argument. In particular they refer to Elber’s(64) work as evidence of a 
membrane response being dominant.  
 
However an examination of the referenced work of Elber casts doubt on the validity 
of these conclusions. It appears to this author that the response of the Elber’s 
samples is predicted far more accurately by modelling the samples as plates in 
flexure rather than membrane’s in extension. Figure 57 shows the response of a 
sample to a quasi-static load up to 90% of the penetration load of a low speed 
impact of the panel. Elber states that until delaminations have formed the response 
of the samples is flexural. It is only upon the formation of delaminations that the 
samples start to display evidence of membrane stretching behaviour. While the 
samples might start to exhibit membrane extension type effects, the loading still 
appears predominantly flexural. After the IFL only part of the samples are 
delaminated. Even if the delaminated areas behaved purely as membranes it still 
doesn’t follow that the undelaminated regions should respond as membranes rather 
than plates in flexure. 
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Figure 57: Experimental results vs predictions based on sample behaving as a plate 
in flexure or as a membrane in tension (64). The results are for a 50mm diameter 
plate with an 8 ply quasi-isotropic layup of T300/5208 producing a 1mm thick 
laminate 
  
Banbury and Kelly attributed the initiation of delaminations to the formation of matrix 
cracks that occurred from the through thickness loadings applied by the bolt head. 
They attributed the growth of delaminations to out-of-plane tensile loadings. In 
addition, they also attributed the growth of delaminations between plies to residual 
stresses (presumably giving rise to out-of-pane tensile stresses):  
“The propagation of delaminations in the resin-rich areas along the 
fibre/ matrix interface is thought to be a result of the residual stresses 
in the resin in the vicinity of the fibres providing a low energy path for 
propagation”.  
However, the damage evolution in the samples was analogous to that caused by low 
velocity impact. Experimental work on FRPs has shown that the formation of 
damage within samples subjected to low velocity impact is highly dependent on the 
mode II fracture toughness of the composite. The mode I fracture toughness of a 
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composite displays negligible correlation with the amount of damage caused by low 
velocity impact (46). This would indicate that the propagation of delaminations in 
composites subject to low velocity impact is due to Mode II loading (i.e. sliding/in-
plane shear) of the interface between plies. If the damage formation process in bolt 
pull through loading is similar to that in low velocity impact then it follows that the 
growth of delaminations is a result of in-plane shear rather than out-of-plane 
tensile/opening forces. In addition, thermal strain in composites generally does not 
give rise to the residual shear stress (according to CLA, thermally induced strains 
cannot give rise to shear stresses). 
 
Banbury and Kelly’s experimental results demonstrated that the size of the fastener 
head had a direct relationship with the IFL. Therefore their conclusion that transverse 
stress causes initial failure seems valid. They conclude that the initiation of 
delaminations is a secondary failure mode precipitating from the cone shaped region 
of damage below the bolt head. This author also agrees with this conclusion. 
However, this author remains to be convinced that the growth of delaminations is the 
result of load conditions that are analogous to Mode I loadings. In addition, this 
author does not accept that the drop in stiffness post IFL is caused by the cone of 
damage that forms. Nor does this author agree with the response of the sample post 
IFL being dominated by membrane extension (as opposed to flexure).  
 
Banbury and Kelly described an FE approach they used to model their samples and 
the test set-up. Although FEA of the materials and the test they used is not the focus 
of this review, coverage of the main points seems appropriate.  
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Figure 58: Side view showing the mesh for Banbury and Kelly's model (63) 
 
Banbury and Kelly treated the laminate as a stack of heterogeneous orthotropic 
layers that was clamped around its periphery. They used a non-linear model to 
approximate the contact between the fastener and the laminate. Only the most basic 
of information is supplied. Details of how frictional stresses were dealt with, the 
approach to fracture and elements used (cohesive model possibly?), the 
material/unit cell models used etc... were very scarce. 
 
Banbury and Kelly concluded that their approach was consistent in accurately 
predicting the failure modes and loads for their samples and test conditions. 
Although this author is not qualified to determine what would constitute an ‘accurate’ 
FE model/prediction, the discrepancy between their experimental and FE results 
does seem rather large for many of their samples (Table 5). 
 
  119
 
Table 5: Failure predictions from Banbury and Kelly's model in comparison with their 
experimental results(63) 
 
3.10.1 Bolt Pull Through; Boundary Conditions 
 
This section is essentially a review of one recent paper by Elder et al(65).  This may 
seem a bit unusual as this work does not appear to have received much attention (it 
has yet to be cited) in comparison with works like those of Kelly and Banbury. Nor 
does it discuss 3D woven composites. However, the reasons will become apparent 
in the discussion of Bolt Pull Through later in this report. Suffice it to say that this 
author was delighted/relieved to find this paper after analysing the results in this 
thesis, even though the conclusions of Elder et al are distinctly different from those 
herein. 
 
Elder et al developed an FE model for bolt through for samples made of plain weave 
CFRP prepreg. In common with our published works in this area, they too used a 
plate between circular clamps. They provided extensive detail of the FE approaches 
they tried, but that is not (specifically) the focus of this review. 
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Figure 59: Schematic of test rig used 
by Elder et al for their BPT tests (66) 
 
Figure 60: One of Elder et al's 
specimens after failure; viewed from 
the top/bolt loaded surface (top 
sample) and bottom surface (65) 
 
Elder et al attributed the initial load vs displacement response to bending behaviour. 
They then stated that membrane stiffness becomes dominant as the load increases: 
 
“It was found that the elastic stiffness was initially associated with 
plate bending, however relatively small deformations resulted in 
membrane stiffening induced from in-plane radial and circumferential 
strains that resulted in substantial non-linear increase in stiffness with 
increasing deformation” 
 
This seems odd for a variety of reasons. Firstly, Elder produced a technical report for 
NASA where he describes (in reference to Figure 57)  the response of the panels 
(under a quasi-static load) for the set up used as being determined by the laminate’s 
flexural properties;   
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“the load-displacement curve follows very closely the large 
deformation laminate predictions (dash-dot curve). Also, after the 
onset of delamination the load-displacement curve tends towards the 
dashed curve, which represents a totally delaminated membrane”  
 
Given that it seems by and large accepted that the damage mode in low velocity 
impact and BPT are analogous it seems odd that his explanation for the response of 
composite plates to low velocity impact be so different from his description of their 
response to BPT.  
 
The displacement at which membrane stiffening is supposed to take over the load vs 
displacement response is after the IFL. After the IFL the stiffness of the panel drops 
significantly. If the sample were behaving as a membrane then the effect of 
delaminations on the response of the samples would be very small. On the other 
hand, if the load vs displacement response was flexure dominated then the formation 
of delaminations would cause a large drop in stiffness of the panels. How Elder’s et 
al reconciled an experimentally observed drop in stiffness with a model that predicts 
the stiffness to increase baffles this author. Given the choice between accepting 
experimental results or predictions from a model, this author would tend to believe 
the former! 
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Figure 61: Experimental results vs predictions from a variety of FE approaches (65). 
The unclamped portion of the samples had a radius of 28mm and was composed of 
a 12 ply quasi-isotropic layup of plain weave CYCOM 970 fabric producing a 
2.42mm thick laminate 
 
In addition to the aforementioned issues there remains that of the shape of the load 
vs displacement curve. The experimentally determined load vs displacement curves 
for Elder’s samples were straight lines (certainly they were up to the IFL). However, 
the load vs displacement response of a membrane subject to an out-of-plane load 
situation necessarily follows a trigonometric function, and the ‘tan’ function in 
particular. On the other hand the load vs displacement response for flexure would be 
straight (at least within the confines imposed by the small angle assumption for the 
bending of beams/plates). This author has yet to encounter a paper where the load 
vs displacement response in BPT (at least up to the IFL) appears not to be a straight 
line.  
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It is also important to look at the effect of boundary conditions on the accuracy of 
Elder et al’s models.  The fact that the samples in these tests are held in place along 
their periphery by bolted/screwed plates would lead one to assume that the 
boundaries of the sample should be treated as clamped. This is, for example, the 
assumption that Banbury and Kelly used for their FE model. This is an assumption 
that others have made, including this author. However, it appears that this 
assumption is incorrect. Figure 62 shows the predicted response for clamped and 
simply supported boundary conditions. It is immediately apparent that the 
assumption of a clamped boundary leads to vast over prediction of the stiffness of 
the samples. Elder et al briefly mentioned this in relation to their decision to use a 
partially restrained boundary assumption that worked with their results. While issues 
with the modelling approach may lead to inaccuracies, it is hard to imagine such 
errors are sufficient in accounting for such a large difference in predicted and 
observed behaviour.  
 
Further, this author writes this section with the benefit of hindsight and can also 
attest to the samples behaving as though simply supported at the boundary. The 
reason the samples do not respond as though clamped remains poorly understood. 
That the samples in these tests appear to behave as simply supported causes 
concern over Banbury and Kelly’s model. Banbury and Kelly’s test method was very 
similar, if not identical in effect to Elder’s and Elder acknowledged that the samples 
did not behave as though clamped. As they modelled their samples as being 
clamped the predicted load for a given displacement for the FE model should have 
been much higher than observed experimentally (about four times higher) . It will 
also be shown latter in this report that the boundaries appear not to be clamped for 
the BPT methods using rectangular plates (as performed for this report). Further, 
rudimentary analysis of the results obtained for this report may suggest that contact 
stresses between the samples and clamps may be significantly higher than the out-
of-plane strength of the composite samples and result in the formation of plastic 
hinges at the edges of samples’ clamped areas  
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Figure 62: Experimental results vs FE predictions for a fully clamped boundary or 
simply supported boundary (65) 
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3.11 Bolt Shear Out 
 
An extensive review on bearing failure in composites has recently been published by 
Thoppul et al (67). As a result this section will focus on work either not covered by 
Thoppul et al’s review, or where this author believes further discussion of a work 
beyond that provided by (67) is warranted. 
 
There are a variety of standardised test methods for evaluating the resistance of a 
composite to bolt pull/shear out. The ASTM test method 5961D may be used to test 
the bearing response of FRPs in single or double shear loading. In this method the 
sample is joined to the test rig by a lightly torqued (2.2Nm-3.4Nm) bolt/fastener. 
 
 
Figure 63: ASTM D 5961/D 5961M-05 set up for double shear loading of a sample 
(68)  
 
The ASTM method categorises failure according to the fracture paths that occur 
(Figure 64). Bearing failure modes of net-tension or cleavage are deemed to be 
invalid.  
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Figure 64: Bearing failure modes for ASTM D 5961/D 5961M-05: (a) lateral (net-
tension), (b) shear-out, (c) bearing, (d) tear-out, and (e) cleavage (68) 
 
The response of a bolt/pin loaded joint is affected by a variety of factors which can 
be classified as either material or geometric. For example, the layup of an FRP is 
known to affect the behaviour of a bolted joint and this would be considered a 
material effect. Geometric effects include the ratio of sample width to the bolt hole 
diameter, bolt hole diameter to distance to end of specimen ratio, bolt 
torque/clamping force, bolt hole clearance and washer size (where used). 
 
The effect of stacking sequence on FRPs on tensile Bolt Pull Out behaviour was 
investigated by Park (68). Park used Acoustic Emission (AE) to determine the onset 
of damage. Park ascribed AE events above a threshold as being indicative of 
delamination. Figure 65 shows the results Park obtained for a variety of layups.  
 
 
Figure 65: Ultimate and delamination bearing strengths (pinned joint) for samples of 
different layups. 'A': [903/+453/-453/03]s, ‘B’: [903/03/+453/-453]s, ‘C’: [03/+453/-
453/903]s, ‘D’: [906/06]s, ‘E’: [06/906]s (69) 
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Park demonstrated that bolted joints were stronger than pinned joints and that as the 
degree of constraint provided by the bolts increases so too did the Ultimate and 
Delamination Bearing Strengths. The increase in Ultimate strength is particularly 
pronounced. It was also noted that the scatter in results decreased when the 
samples were bolted/constrained. 
 
 
Figure 66: Ultimate bearing strength of 
samples as a function of clamping 
force (68). Sample Layups: 'A': 
[903/+453/-453/03]s, ‘B’: [903/03/+453/-
453]s, ‘C’: [03/+453/-453/903]s 
 
Figure 67: Delamination bearing 
strength of samples as a function of 
clamping force (68). Sample Layups: 
'A': [903/+453/-453/03]s, ‘B’: 
[903/03/+453/-453]s, ‘C’: [03/+453/-
453/903]s 
 
Regarding layup; Parks concludes that having 900 plies on the surface increases the 
delamination strength of the samples. Further explanation of this is not provided. It is 
interesting to note the difference in strength between the cross-ply samples. 
Although the ultimate strength of these samples is about the same, the delamination 
strength for the [06/906]s  sample is far lower. Park attributes the increase in 
performance to having the 900 plies on the surface of the specimen rather than its 
interior but doesn’t give an explanation for why 900 plies on the surface would 
improve performance. In this author’s opinion it is likely that the free edge stresses 
that arise around the bolt hole may be the cause of this behaviour and the reason for 
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the outperformance of the [906/06]s over the [06/906]s. It may well be a reason for the 
difference in the relative performance of the other samples too. 
 
Chen et al investigated the behaviour of pin loaded 3D orthogonal weave 
CFRPs(69). To this author’s knowledge this is the only paper in this area. Chen et al 
used a weaving loom to produce their samples. This enabled them to vary the tow 
spacing and tow TEX. However, as a result of this the Vfs of their samples were very 
low (28%-40%, see Table 6).  
 
 
Table 6: Fabric parameters and elastic properties of the 3D woven materials 
fabricated and tested (69) 
 
The 3D woven samples exhibited a multi-peak load vs displacement response. It is 
worth noting that the IFL for the 3D woven sample is close to both the prepreg and 
plain weave CFRP despite the far lower Vf of the 3D woven material. 
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Figure 68: Load vs Displacement behaviour for prepreg (cross-ply stacking 
sequence), plain weave and 3D woven CFRPs (69) 
 
Chen et al normalised the BPT strength of their samples by dividing the strength of 
their samples by their respective Vfs. Although this is not a particularly rigorous 
method of comparing the materials relative performance it does give an indication 
that 3D woven composites may offer improved BPT performance over prepreg and 
2D woven composites (Figure 69). 
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Figure 69: 'Normalized' pin loaded strength of different materials tested (69) 
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3.12 Ultrasonic Inspection 
 
Ultrasonic inspection applies wave of stress to a material. As the waves of stress 
travel through the material they are modified by the material itself, defects and 
boundaries. At a boundary between two different materials a proportion of a stress 
wave is reflected and a proportion transmitted. By examining the how the stress 
waves are reflected/transmitted it is possible to find defects in the material. 
 
At an interface between two material of impedance Z1 and Z2 it can be shown the 
percentage of energy flow per unit area transmitted is shown in Equation 67 (71): 
 
ܫ் ൌ ቆ ሺ4ܼଵܼଶሻሺܼଵ ൅ ܼଶሻଶቇ כ 100 
 
Equation 64 
 
 While the percentage of energy reflected is shown in Equation 68 (71) : 
 
ܫோ ൌ ቆ
ሺܼଵ െ ܼଶሻ
ሺܼଵ ൅ ܼଶሻቇ
ଶ
כ 100  Equation 65 
   
Where Z is a product of the materials density and the speed of sound within the 
material ‘c’ is shown in Equation 69 (71): 
 
Z ൌ ρc  Equation 66 
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In order to apply stress waves to the sample a transmitter of waves needed. Such a 
source is typically a piezoelectric transducer. Frequencies between 500KHz and 25 
MHz can be used with frequencies in the range of 1-10Mhz being the most common. 
In general high frequency waves can provide a higher sensitivity (due to their lower 
wavelength) while lower frequency waves can better penetrate through material (so 
suitable for thicker samples). 
 
In order for the method to work the stress waves generated by the transducer need 
to be efficiently propagate from the transducer into the sample. Consideration of 
Equation 128, Equation 65 and Equation 66 allows us to find the proportion of 
energy flow reflected and transmitted and the some values are shown in Table 7. 
  
Interface 
Percentage intensity (%) 
Reflected Transmitted 
Air/CFRP 99.97 0.03 
Water/CFRP 27.7 72.3 
Air/GFRP 99.89 0.11 
Water/GFRP 37.0 63.0 
Table 7: Proportion of energy flow transmitted and reflected at different interface 
types. As can be seen, the proportion of energy that would be transmitted into a 
composite if air were the coupling medium would be very low 
 
It is clear from Table 7 that air would make a very poor coupling medium, which Is 
why water is commonly used. 
 
In order to gain useful information from the application of ultrasonic test waves it is 
necessary to measure the proportion of stress waves reflected/transmitted. The 
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various locations of the transmitters and receivers that are used are shown in Figure 
70  
 
 
Figure 70: Transmitter and receiver arrangement for ultrasonic inspection: a.) 
through transmission; b.) reflector plate pulse echo; c.) back surface pulse-echo. The 
reflector plate in b.) is normally glass due to its large acoustic mismatch with water 
(so it reflects most of the stress waves) 
 
The stress waves from the transducer will come into contact with the sample (at 
which event some of the wave will be reflected). The pulse transmitted at the 
interface then passes through the sample to the back face, where a further 
proportion of the wave is reflected. Any defect in between will the front and back of 
the specimen will also cause part of the wave to be reflected and the presence and 
location of defects can be determined from these reflected waves.  
 
  134
 
Figure 71: Transmission and reflection of an ultrasonic pulse. Presentation of results 
in this form (as may be seen on an Oscilloscope connected to the receiver) is known 
as A-scanning 
  
The information provided by ultrasonic inspection can be presented in various ways. 
Displaying the local amplitude of reflection or transmission against time of flight 
(which can be used to find depth) is referred to as A-scanning (as shown in Figure 
71). If the scanner travels a length along the sample the result for local scans along 
the length can be combined to produce a through thickness profile of the material 
and where defects are. The most common mode of ultrasonic inspection for 
composites is C-scanning. In this mode the transmitter and receiver are moved in a 
rectilinear raster over the sample surface and the results used to produce a plan 
view map of signal attenuation across the sample. 
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4 Manufacturing and Testing 
 
A broad range of test methods and materials were used for this thesis. Some of the 
processes used are common through the report. These procedures will be discussed 
in this section while those specific to one test will be covered in the relevant chapter. 
 
4.1 Panel fabrication with Resin Infusion with Flexible Tooling (RIFT) 
 
All the 3D woven and NCF samples were manufactured using RIFT. The procedure 
involves the following steps. 
 
1. Tacky tape is laid down around the periphery of the lay-up. 
2. Coat the mould surface with mould release coating. Only start laying up the 
vacuum bag once the solvent has totally evaporated from the release coating. 
3. The dry fabric reinforcement is laid onto the mould 
4. A layer of peel ply is placed on top of the reinforcement fabric 
5. Infusion mesh is positioned above the reinforcement fabric and extends to 
approximately 20-30mm of the end of the composite fabric at the vacuum port 
end. 
6. The omega tubing and ports are put in place. 
7. The vacuum bag (flexible tool) is placed on top of the entire lay-up and made 
airtight by manually squeezing out any gaps between the tacky tape and the 
bag. 
8. The resin inlet pipe is sealed with a clamp. 
9. A vacuum is drawn to -1bar. 
10. The vacuum pump is turned off and the system left for twenty minutes. Any 
drop in pressure in the system would indicate a leak. 
11. The resin is heated to either 700 or 800 (for MVR-444 and RTM-6 respectively) 
and degassed in a vacuum oven for at least twenty minutes. 
12. The vacuum pump connected to the layup and vacuum bag is then switched 
back on. 
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13. The resin is removed from the vacuum oven and the resin inlet hose is placed 
in the resin pot and opened to allow resin flow. 
14. Infusion of the lay-up then proceeds until the lay-up is completely wet-out and 
resin enters resin outlet line. The resin inlet and outlet lines are then sealed by 
using G-clamps to close the lines.  
15. The lay-up is then cured using the temperature and duration desired. 
  
 
  
Vacuum bag 
PTFE coated fibreglass 
Infusion media 
Dry Fibre Reinforcement
Release film/coating (sprayed 
Aluminium base plate 
Tacky Tape 
Vacuum port  (to vacuum 
pump, vacuum chamber and 
resin catch pot). 
Resin inlet port 
Omega profile tubing 
Figure 72: Lay-up of materials for production of a composite panel by RIFT 
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Figure 73: Sample being infused in an oven using RIFT. The dark areas on the panel 
have been wet out while the light areas are still dry. The internal width of the oven is 
approximately 50cm 
 
4.2 C­scanning 
 
C-scanning of the panels was performed before the cutting and testing of individual 
samples to check for defects within the panels. Representative C-scans of one panel 
of each type are shown in Figure 74, Figure 75, Figure 76 and Figure 77. The 
samples appeared to be defect free. The circular anomaly that appears on the top 
left corner of Figure 77 is from a coin placed there to aid in determining the 
orientation of the panels (depending on the order of coordinates entered for the 
machine to scan between) as the resulting image can appear upside-down or as a 
mirror image. The diagonal ‘streak’ in Figure 76 is due to a stray fibre bundle on the 
surface of the panel and should not affect the behaviour of the panel.
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Figure 77: NCF panel infused with 
MVR-444. Circular object in corner is a 
coin placed to determine the 
orientation of the sample. 
 
Initial samples were made with end tabs bonded onto the sample using slow cure 
Araldite®. However, these end tabs would often shear off before failure of the 
samples. As a result a switch was made to using resin film and vacuum bagging to 
bond the end tabs to the samples. VTA®260 from the Advanced Composites Group 
was used as the adhesive. The procedure was as follows 
 
Figure 76; 3D woven panel infused with
MVR-444 for CAI 
 
Figure 74; Prepreg panel for CAI 
Coin 
Figure 75: 3D woven panel infused with
RTM-6 for CAI 
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1. Cut panels and end tabs to size on wet diamond saw. 
2. Wrap tape around regions of composite not to be bonded to end-tabs to 
protect the material during sandblasting. 
3. Sandblast the side of the end-tabs and exposed regions of composite to be 
bonded. 
4. Wash end tabs and composite with soap and water to remove sand/dirt etc… 
5. Remove protective tape from composite 
6. Degrease samples with isopropyl alcohol 
7. Allow materials to dry 
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8. Cut resin film sheet to size and attach a layer to both the end tabs and the 
area of the composite to be bonded. 
 
 
Figure 78: Resin film (with release layer on top surface) attached to composite and 
end-tabs. Panel width is 280mm 
9. Stick end tabs and composite together. 
10. Build vacuum bad around composite and tabs.  
11. Cut peel ply to appropriate (oversize) dimensions for panel and place on top 
and bottom surface of sample. 
12. Place breather fabric on both top and bottom of sample with peel ply between 
composite and breather fabric. 
13. Seal vacuum bag and remove atmosphere using a vacuum pump (Figure 79) 
Check the vacuum holds when disconnected from the pump.  
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14. Assuming the vacuum holds the layup can be put into an oven and the resin 
inlet and vacuum tubing reconnected. 
 
 
Figure 79: Panels with end tabs in vacuum bag that has been pumped down to test 
vacuum within bag 
 
15. Cure samples at 80 degrees for 5 hours. 
16. Remove panels from vacuum bag and cut into individual specimens. 
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Figure 80: Panel with end tabs bonded and ready for cutting 
 
4.3 Digital Image Correlation (DIC) 
 
ARAMIS® V5.4.1 DIC software by GOM was used to determine the strain fields 
across samples. The system requires a pattern that can be detected and 
discriminated during the deformation of the sample. This pattern was created by first 
spray painting the samples matt black. Once the black paint had dried a pattern of 
white dots was sprayed on with either a can of spray paint or an airbrush (adopted 
during the project due to problems resolving patterns applied by spray can). 
 
DIC in three dimensions requires the use of two cameras while 2D DIC requires one. 
In order to determine the strain field in 3D across a sample it is necessary to 
orientate and position the cameras based on the lenses being used and the image 
size being captured. A calibration procedure is also required. A series of images are 
captured of a calibration target at various distances and orientations. The calibration 
target has a specific pattern that is pre-programmed into the ARAMIS software. The 
DIC software uses recorded images of the target to generate a calibration file for use 
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in ensuing sample tests. The resolution limit quoted by GOM for the system is 500 
microstrain under optimal conditions. The resolution limit is dependent on a variety of 
factors including, but not limited to, lighting, quality of speckle distribution, surface 
texture, camera resolution, lens quality and facet size. The size of the facet can be 
varied to suit the testing goals and conditions. The greater the facet size, the easier it 
is to resolve the strain across said facet. However, an increase in facet size results in 
a drop in the resolution of the system. 
 
 
Figure 81: Setup for 3D DIC using two cameras. In this image one of the CAI 
samples can be seen in the Instron load frame 
 
Parameter Value
Focal length of lens 50mm
Measuring volume  65*52*52mm3
Distance between two cameras 240mm
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Measuring distance 510mm
Angle between cameras 25°
Ellipse quality for calibration 0.6
Table 8: Parameters for calibration and use of 3D DIC system 
 
 
Figure 82: EOS 40D with 100mm fixed focal length macro lens for 2D DIC 
 
For much of the time, only the in-plane strains were of interest. In these situations, 
2D DIC using only one camera was used. A Canon EOS 40D was used for 2D DIC 
instead of the cameras supplied with the ARAMIS system. This was due to the much 
higher resolution of the EOS 40D in addition to its ability to produce less ‘noisy’ 
images due to its much larger sensor, faster lens and advanced image processors. A 
fixed focal length 100mm macro lens was used with the EOS 40. Image capture and 
control of the EOS 40D was performed with a laptop configured for the task. 
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5 Tensile Testing and Modelling 
 
This section will discuss the manufacture, testing and results of tensile testing on a 
range of 3D woven composites. In addition, the derivation and application of a new 
micromechanical approach to modelling crimp is presented.  
 
Two types of 3D woven carbon were used; a thick fabric (nominally 5mm thick) and a 
thin fabric (nominally 2.5mm thick). Two resin systems were used; RTM-6 and MVR-
444. MVR-444 resin can be cured at a range of temperatures and was selected for 
this property. Samples were made with MVR-444 cured at 900, 1350 and 1800. The 
purpose of using a range of cure temperature was to examine the effect of residual 
stress on the behaviour of the 3D woven composites.  
 
Testing revealed that increasing cure temperature (ergo residual stress) had a 
negative effect on the tensile properties of these 3D woven composites. However, all 
of the 3D woven materials tested exhibited improved tensile properties when 
compared with samples made from Non Crimp Fabric (NCF). 
 
Analysis of the materials using Classical Laminate Analysis (CLA) revealed that in its 
current form it is highly deficient as a method for evaluating 3D woven composites as 
it greatly over predicts the moduli and strengths of the 3D woven composites. In 
order to better understand the behaviour of these 3D woven composites a method 
based on crimp at the micro-scale for predicting the stiffness of a layer within the 3D 
woven composites was developed. In addition, two criteria based on micro-scale 
crimp for predicting the strengths of layers within the 3D woven composites were 
developed and applied. Using the generated values for stiffness and strength for 
individual layers it was possible to then use CLA to predict the properties of the 
laminate as a whole.  
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5.1 Fabricating Test Specimens from Panels 
 
The panels were cut to size using a wet diamond saw. A micrometer was used to 
verify the sample dimensions were within the tolerances specified by (70). The 
dimensions are shown in Figure 83.  
 
Figure 83: Sample geometry from Airbus test method 1.0007 (70). Hatched areas 
represent end tabs  
 
5.2 Mechanics  
 
Conventional fibre reinforced composites are built up from a series of plies and a 
wide range of micromechanical and macromechanical methods have been 
developed and used for predicting and evaluating their behaviour. Commonly, 
analysis of the in-plane behaviour of laminates made from UD prepregs and NCF 
based composites (which have the most in common with the 3D woven composites 
considered herein) is done with the aid of Classical Laminate Analysis (CLA). The 
use of CLA is contingent on knowledge of the properties of individual plies of the 
laminate. However, this poses a clear problem for 3D woven composites as it is not 
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possible to test individual ‘lamina’ as the material is bound together by out-of-plane 
fibre tows; i.e. it is essentially one (very thick) lamina. Therefore, in order to ascertain 
the possibility of using CLA (or similar methods) for evaluating 3D composites it is 
necessary to build up the properties for an ‘equivalent lamina’ to the individual layers 
within the 3D woven composites. Fortunately, micromechanical models exist for 
obtaining such properties. However, these methods were largely developed for UD 
laminae (prepregs in particular) and as a result it is likely that there will be a 
discrepancy between the micromechanical properties of the 3D material and those 
predicted by micromechanics methods. This section will look at the predictions 
obtained from conventional micro- and macromechanical methods and compare 
them to experimental results to evaluate the efficacy of current methods for 2D 
composites when applied to 3D composites. 
 
As the following methods use many aspects of CLA they are also subject to the 
same assumptions as CLA.  
 
5.2.1 Micromechanics 
 
CLA requires knowledge of the 3x3 reduced stiffness and compliance matrices for 
laminae within the laminate. From these matrices the ABD matrix that determines 
the in-plane behaviour of the laminate can be found. Populating the stiffness and 
compliance matrices is normally done by a series of experiments. For example, the 
longitudinal tensile stiffness of a lamina can be found by testing a laminate of only 00 
plies in tension. Similarly, the transverse tensile strength of a ply can be found by 
testing a laminate of only 900 plies. Poisson’s ratios can be found with the use of 
strain gauge rosettes and in-plane shear behaviour can be evaluated in a variety of 
ways. The values obtained are then used to find the terms for the stiffness and 
compliance matrices. However, none of these methods are applicable to 3D woven 
composites as they require the use of laminates containing plies oriented in only one 
direction (a +/-450 angle-ply lay-ups may be used for shear testing) . Consequently, 
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the properties of a layer within a 3D woven composite must be found using alternate 
means. 
 
The first step to predicting the behaviour of the 3D composites is to find values for 
the elastic properties of the layers that comprise the material. These properties can 
be used to generate the stiffness and compliance matrices required for determining 
elastic behaviour using CLA. In order to predict the strength of the 3D materials it is 
also necessary to find the various strength properties (longitudinal, transverse, in-
plane shear) of these laminae. Only with this knowledge is it possible to find values 
for the stiffness and strength of the 3D woven composites as a whole. 
 
5.2.1.1 Elastic Properties 
 
As knowledge of the elastic behaviour of composite laminates is required before it is 
possible to determine strength parameters it is the elastic properties of an equivalent 
lamina that will be considered first. 
 
5.2.1.1.1 Volume fractions 
 
The properties of a fibre reinforced composite are strongly influenced by the fibre 
volume fraction (Vf) of the material as the fibres are significantly stiffer and stronger 
than the matrix. All the properties of a fibre reinforced composite are a function of the 
Vf of the material and consequently it is the Vf of the materials that will be evaluated 
first.  
 
The mass of the dry fibre reinforcement was measured before infusion (Mdry) and the 
mass of the composite panel as a whole was measured after infusion and curing 
(Mcured). Using this information it is possible to obtain the mass fractions of the two 
components of the composite.  
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ܯ௙ ൌ ܯௗ௥௬/ܯ௖௨௥௘ௗ  Equation 67 
 
ܯ௠ ൌ 1 െܯ௙  Equation 68 
 
In addition it is possible to calculate the volume fractions of the fibre and matrix when 
the density of the two components is known.  
 
ߩ௖ ൌ ൫ܯ௙ ൈ ߩ௙൯ ൅ ሺܯ௠ ൈ ߩ௠ሻ  Equation 69 
 
௙ܸ ൌ ߩ௙ߩ௖ ܯ௙ 
 Equation 70 
 
The density of the component could be found on Datasheets from the manufacturers 
of the components (71)(72). The proportions of fibre and matrix can be seen in Table 
9. 
 
 
Table 9: Mass and Fibre Volume fractions of composite systems  
  
The NCF panels had a balanced and symmetric 0/90 lay-up. As a result the Vf of 00 
and 900 fibres are the same. However, the 3D woven material contains out-of-plane 
fibres and the number of 00 and 900 layers is not equal. In addition the number of 
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fibres in the warp direction is not the same as in the fill direction. The 3D woven 
material contained the following fibres: 
 
 Warp yarns: Toho Tenax-E HTS40 F13, 12K 800 tex 
 Fill yarns: Toho Tenax-E HTA40 E13, 2x6K 400 tex 
 Z-yarns: Toho Tenax-J HTA40 H15, 1K 67tex 
 
5.2.1.1.2 Longitudinal Lamina Stiffness 
 
If a lamina of aligned fibres and resin is subject to a load along it fibre length static 
equilibrium requires that the force acting on the fibres and the resin must sum to the 
total force (Equation 71) 
 
ߪ௖௟ܣ௖ ൌ ߪ௙௟ܣ௙ ൅ ߪ௠௟ܣ௠  Equation 71 
 
While the Vf of the composite will vary slightly at the micro-scale due to the 
crimp/geometry the Vf of the composite at coarser scales, such as a unit cell, should 
be largely constant. With this assumption the Vf of both the composite as a whole 
and as unit cell elements can be taken as equivalent to fibre area fraction. Thus 
using the definitions given in Equation 72 to Equation 74, we can obtain Equation 75 
from Equation 71: 
 
cl  Ecl cl   Equation 72 
 
flflfl E     Equation 73 
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ml  Emlml   Equation 74 
 
mmlmlfflflclcl VEVEE     Equation 75 
 
And assuming that there is perfect bonding between the fibre and matrix (i.e. 
isostrain condition) we obtain Equation 76 
 
El  EflVf EmVm   Equation 76 
 
Thus the stiffness of a lamina/layer of the composites used can be predicted and 
these results found in Table 10. 
 
Material Predicted Lamina Modulus  
GPa 
3D woven (MVR-444 @180) 2.5mm 126 
3D woven (MVR-444 @180) 5mm 169 
3D woven (RTM6 @180) 5mm 172 
3D woven (MVR-444 @90) 2.5mm 130 
3D woven (MVR-444 @90) 5mm 138 
NCF (MVR-444 @180) 5mm 146 
NCF (MVR-444 @180) 2.5mm 137 
 
Table 10: Predicted lamina stiffness based on isostrain assumption 
 
5.2.1.1.3 Poisson’s ratio 
 
As with the longitudinal modulus of a lamina, the poison’s ratio of a composite lamina 
can be well approximated using a rule of mixtures (as in Equation 77). 
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c  fVf mVm   Equation 77 
 
This leads to the major Poisson’s ratio (12) shown in Table 11. 
 
Table 11: Major Poisson's ratios (12) predicted using rule of mixtures approach 
 
5.2.1.1.4 Transverse Lamina Stiffness 
 
A similar method for predicting the transverse modulus of a lamina to that for finding 
the longitudinal modulus of a lamina is frequently described in textbooks providing an 
introduction to composite materials. The principle difference between the method for 
longitudinal vs transverse modulus is that the principal assumption for longitudinal 
modulus is isostrain conditions while the principal assumption for transverse 
modulus prediction is isostress conditions. However, while the isostrain assumption 
and consequent predictions for longitudinal modulus for composites has been shown 
to be valid for most composites this is not the case for the isostress assumption for 
predictions of transverse modulus. 
 
However, improved micromechanics models for predicting transverse moduli have 
been developed. These methods take into account fibre packing arrangements of 
fibres and, although the true packing arrangement of fibres is random to a degree, 
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provide good agreement with experimental results based on a range of assumptions 
of packing arrangement of fibres within the matrix.  
5.2.1.1.5 Fibre spacing 
 
The transverse behaviour of a composite laminate depends on not only the 
properties of the fibre and matrix but also the inter-fibre spacing. Therefore it follows 
that the arrangement of fibres within the composite tested should now be 
considered.  
 
 
 
The spacing between fibres in a composite is a function of the fibre thickness, the Vf 
and the packing arrangement of the fibres. If the fibre packing arrangement is 
idealized as a square array (Figure 84) then the fibre spacing (s) can be calculated 
as from Equation 78: 
 
Vf  4
d
s




2
 
 
Equation 78 
 
Figure 84: Packing arrangement of fibres in
idealized square array 
s 
d 
s 
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All the fibres in the 3D woven (and NCF for that matter) fabric had a diameter of 
7x10-6m. However, the fibres had a sizing (equivalent to 1% of the material cross-
section in area) on their surface so the actual thickness can be found using Equation 
79 and is 7.035x10-6m 
 
rf 2  1.01   (rf  rs )2   Equation 79 
 
Similarly, the fibres could have a triangular packing geometry (Figure 85) in which 
case the fibre spacing and Vf would have the following relationship: 
 
V f  2 3
d
s




2
 
 
Equation 80 
 
 
 
 
 
 
 
 
 
 
The fibre spacing resulting from these packing arrangement for the composites used 
can be seen in Table 12. 
 
s 
s 
d 
Figure 85; Packing arrangement in a
triangular array 
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Table 12: Fibre spacing for composite systems used based on either a square or 
triangular packing arrangement 
 
Hopkins and Chamis’ model (73) based on sub-elements allows the transverse 
modulus to be found using Equation 80. 
 
Et  Em 1 Vf  Vf
1 Vf 1 (Em /E ft 








 
 
Equation 81 
 
Hopkins and Chamis’ model was based on a square packing array of fibres. Spencer 
(74) also developed an equation for predicting the transverse modulus of a lamina 
based on a square packing arrangement of fibres; 
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EE mt 




 1
22
tan2
2
11  
 
Equation 82 
 
Where k = 1-(Em/Eft) and φ is equal to the ratio of fibre spacing to fibre diameter. The 
value for Eft was taken from a paper by Hobbiebrunken et al (75).However, 
Spencer’s model provided for defining the modulus parameter  for the analysis of an 
arbitrary packing array using Equation 83. 
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  1
(1.1Vf
2  2.1Vf  2.2)Vf
  Equation 83 
 
Using the fibre spacing parameters from Table 12 and those from Equation 83, the 
predicted transverse moduli for the composites were predicted and are shown in 
Table 13 . 
 
 
Table 13: Predicted transverse moduli based on different methods 
 
5.2.1.1.6 Shear Stiffness 
 
Similar equations to those for predicting transverse moduli also exist for determining 
shear moduli for composites and lead to values shown in Table 14. 
 
 
Table 14: Predicted shear moduli using various micromechanics methods 
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5.2.1.2 Strength  
5.2.1.2.1 Longitudinal Tensile Lamina Strength 
 
The longitudinal strength of a lamina is relatively trivial to calculate using a rule of 
mixtures type approach similar to that used for finding longitudinal modulus and 
these strength predictions can be found in Table 15. The properties of the resin and 
matrix were taken from their manufacturers’ datasheets (77) (73) (72). 
 
Material  Longitudinal Strength 
MPa 
3D woven (MVR-444 @180) 2.5mm 2115 
3D woven (MVR-444 @180) 5mm 1341 
3D woven (RTM6 @180) 5mm 1282 
3D woven (MVR-444 @90) 2.5mm 2047 
3D woven (MVR-444 @90) 5mm 1900 
NCF (MVR-444 @180) 5mm 1757 
NCF (MVR-444 @180) 2.5mm 1918 
Table 15: Longitudinal lamina strength predictions 
 
5.2.1.2.2 Transverse Lamina Strength 
 
First ply failure in a composite material is often a result of transverse tension. The 
low values of transverse strength are due to strain concentrations arising from the 
differences in the moduli of the fibres and matrix and their relative spacing. The 
strain concentration factor is expressed in Equation 84. A note of caution should be 
sounded here as the expression for this strain concentration appears to have been 
printed incorrectly in some documents. It appears that the rearrangement of terms to 
achieve Equation 84 has been subject to error with the resulting equation being able 
to provide nonsensical output (i.e. SCFs that appear to reduce strain concentration!) 
 
1
SCF
 ctm 
d
s
Em
E ft
1 d
s
  Equation 84 
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This leads to the strain concentration factors shown in Table 16 and Table 17 
 
 
Table 16; Strain Concentration Factors for different fibre packing arrangements for a 
range of composites tested 
 
 
Table 17; Predicted transverse failure stress for a range of tested composites based 
on different fibre packing arrangements 
 
As can be seen from the methods used so far, the transverse modulus of the 
composite lamina will increase with increasing Vf while the transverse strength of the 
lamina can decrease due to the increasing SCF that results from increasing Vf. In 
fact it can be seen that as the fibre spacing, s, trends towards the fibre diameter, d, 
the SCF will rapidly increase and trend towards infinity. The cause of this infinite limit 
can be readily understood by considering the case where the Vf approaches unity as 
in such a scenario the Vm would approach zero thus leaving a very small volume of 
material transmitting loads between the fibres 
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The predicted values for transverse strength rely on the assumption that transverse 
failure is dominated by failure of the matrix. However, it is possible that transverse 
failure could result from interfacial failure at the fibre-matrix interface. As such the 
values here could be considered as a conservative upper bound due to the neglect 
of interfacial failure. 
5.2.1.2.3 Stiffness and Compliance Matrices 
 
The predictions obtained provide enough information to construct the reduced 
stiffness and compliance matrices for a lamina of these materials. The compliance 
matrix defines the relationship of strains in terms of stress (Equation 85) and the 
stiffness matrix defines a laminas relationship of stress in terms of strain (Equation 
86). 
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Equation 85 
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Equation 86 
 
The components Sij are related to the values predicted by the following equations: 
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Equation 87 
 
 160 
 
For example the compliance matrix for a lamina from the 2.5mm thick 3D woven 
panel made with MVR 444 cured at 1800 loaded along the fibre direction would be: 
 
Q 
132.76 2.341 0
2.341 7.50 0
0 0 3.275









 
 
Equation 88 
 
The compliance matrix for the lamina loaded transverse to the fibre direction would 
be: 
 
Q 
7.50 2.341 0
2.341 132.76 0
0 0 3.275









 
 
Equation 89 
 
The compliance and stiffness matrices for the lamina at any angle from the principal 
fibre axis can also be calculated using a transformation matrix. 
 
5.2.1.3 Thermal Properties 
 
The coefficients of thermal expansion of a lamina both in line and transverse to the 
fibre direction can be calculated using a micromechanics approach using Equation 
90 and Equation 91. The results of these equations are shown in Table 18. 
 
 l  E fl flVf  EmmVmE flVf  EmVm  
 
Equation 90 
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2  (1Vm)mVm  (1Vf ) fVf  (112)  Equation 91 
 
 
Table 18: Longitudinal and transverse Coefficients of Thermal Expansion from 
micromechanical predictions 
 
5.2.2 Macromechanics using Classical Laminate Analysis 
 
5.2.2.1 Stiffness 
 
Knowing the stiffness and compliance matrices of the lamina it is possible to 
calculate the ABD matrices for the laminates that will allow us to find the longitudinal 
stiffness of the composites: 
 
Material  Stiffness (measured)  Stiffness (CLA)  Difference 
GPa  GPa  % 
3D thick RTM‐6  54  71.3  +32 
3D thick MVr‐444 180  57.5  71.2  +22 
3D thick MVR‐444 135  60.2  71.2  +22 
3D thick MVR‐444 90  67  71.2  +14 
3D thin MVR‐444 180  58.4  86.2  +50 
3D thin MVR‐444 135  58.3  86.2  +43 
3D thin MVR‐444 90  62.2  86.2  +29 
Table 19: Predicted longitudinal moduli of the different thickness of composites with 
different matrices. Note that CLA does not predict a drop in stiffness with increasing 
cure temperature. Results from tensile testing are shown for comparison 
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Table 19 shows the stiffness of the composites (as predicted by CLA) and the 
experimentally measured values of stiffness of the composites. There are two major 
discrepancies that are apparent. The first is that the micromechanical and CLA 
methods significantly over predict the stiffness of the composites. The method used 
to measure Vfs was flawed and the results are likely very inaccurate. For determining 
Vf it was assumed that the weight of the ‘dry’ fabric was simply the weight of the 
reinforcing fabric. However, the fabric would have contained moisture (and possibly 
other liquids) that would then boil off during the infusion and curing process. 
Consequently the weight of the ‘dry fabric’ was likely subject to significant error 
 
However, even if the Vf is assigned a reasonable value a large difference in stiffness 
between CLA predictions and experimental results still exists. The second 
discrepancy is that CLA does not predict a drop in stiffness with increasing cure 
temperature. The predicted moduli from CLA are based on all lamina within the 
composite being load bearing (i.e. haven’t failed). If some laminae (i.e. transverse 
laminae) have failed then the stiffness of the material will decrease. In order for the 
failure of transverse plies to affect the measured stiffness of the composite failure of 
the plies must occur at below 50% of the failure stress as the modulus was 
determined from the region of 10% to 50% of the failure stress. CLA allows for the 
prediction of the onset of transverse ply failure in addition to global failure. Therefore, 
if transverse ply failure is to account for the decrease in stiffness between measured 
and predicted stiffness it is necessary to determine at what load transverse failure 
will occur. 
 
5.2.2.2 Strength  
 
Using a variety of failure criteria it is possible to predict the stress at which initial ply 
failure occurs and when global failure will occur. 
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Table 20: Predicted initial and final failure loads vs experimental results 
As can be seen from Table 20, the predicted initial transverse ply failure loads vary 
significantly with failure criteria. However, even in instances where the transverse 
plies fail before 50% of the UTS these occur quite close to the 50% limit As a result 
the failure of the transverse plies should not have a large effect on the measured 
modulus. Figure 86 contains a series of results from DIC at various stages of 
loading. The transverse bands on the images are regions of high strain that are 
indicative of localized failure. It is clear that the material has failed in the transverse 
direction at 25% of the UTS of the material but if one looks closer at the first stage 
(just after loading has started, less than 10% of UTS) it is apparent that the 
transverse bands of high strain are already present indicating that at even such low 
loads the transverse layers have failed. This clearly contradicts the predictions for 
the initial failure loads from CLA (which are for the transverse plies). Further, even if 
the transverse plies did fail immediately upon loading and only the longitudinal layers 
could carry the tensile load then this would still explain the difference in stiffness 
between experimental and CLA results. Therefore it seems that the micromechanics 
CLA methods used posses’ significant deficiencies in predicting the stiffness of 3D 
woven composites. 
 
Material UTS (experimental) Tsai Hill Tsai Wu Maximum Stress Maximum Strain
MPa MPa MPa MPa MPa
MVR thin 90 initial 782 772 783 773
MVR thin 90 final 1041 1214 1698 1492 1503
MVR thin 135 inital 626 613 627 614
MVR thin 135 final 887 1073 1629 1492 1506
MVR thin 180 inital 470 455 471 456
MVR thin 180 final 820 899 1508 1492 1508
RTM-6 thin initial 897 692 692 897
RTM-6 thin final 775 992 1291 1119 1125
MVR thick 90 initial 647 642 648 642
MVR thick 90 final 753 971 1367 1205 1214
MVR thick 135 intial 520 514 521 514
MVR thick 135 final 655 853 1305 1205 1216
MVR thick 180 initial 394 385 394 386
MVR thick 180 final 686 705 1198 1184 1218
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It should also be noted that the maximum stress criteria does not predict a drop in  
Figure 86: Thick sample with RTM-6 matrix cured at 180 degrees. The images are
strain fields from DIC at various stages of loading and correspond to the red lines on
the l ad vs displacement curv  
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It should also be noted that the maximum stress criterion does not predict a drop in 
strength with cure temperature apart from for the thin sample with an MVR-444 
matrix cured at 1800. Further, the maximum strain criterion actually predicts an 
increase in strength with cure temperature. Both of these criteria clearly do not 
reflect what is observed experimentally. As a result initial analysis with CLA in 
relation to experimental results would appear to indicate that these criteria will be 
unsuitable for evaluating the strength of 3D woven composites.  
 
However, the interactive criteria (Tsai-Wu and Tsai-Hill) do predict a drop in strength 
with increasing cure temperature.  But both criteria significantly over predict the 
strengths of the materials. Once again it appears as though the micromechanics and 
CLA approach in their current form possesses significant deficiencies for analyzing 
3D woven composites. 
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5.2.2.3 Micromechanics and Fibre misorientation: A new approach to predicting 
the stiffness of 3D woven composites 
 
Classical Laminate Analysis (CLA) is a well understood and widely used method for 
analyzing laminated composites. The ability of CLA to predict the response of a 
laminate to a load at any orientation within its plane is an extremely useful and 
powerful tool for Engineers. CLA relies on the generation of stiffness/compliance 
matrices for an individual lamina and then using the lay-up and orientation of these 
laminas within the laminate to generate the ABD matrices which define the global 
extension-bending-twisting behaviour of the laminate. The predicted values for the 
stiffness and compliance matrices for the composites used are based on the 
assumption that the fibres within the lamina are aligned perfectly with each other, i.e. 
that 00 plies contain fibres all oriented at 00. It is this author’s belief that this 
assumption of mutually aligned fibres is the main cause for the discrepancy between 
experimental results and CLA predictions. 
 
Measurements taken using microscopy of 3D woven samples reveal that the fibres 
within the tows in the 3D woven materials were not perfectly aligned with each other. 
Further, the degree of this misalignment appears to be a function of the location of 
any given element of fibre. The misalignment seems to be a function of both the fibre 
elements distance from the centre of the tow and its location along the tow. As a 
result the micromechanics and CLA methods are not accurate for 3D woven 
composites (or any composites where the fibres within a ply possess varying 
degrees of alignment/crimp). A variety of models have been proposed to enable the 
analysis of composites that are crimped to varying degrees of success. Probably the 
most successful/significant model is Cox’s (22). However, Cox’s methodology (which 
relies on the integration of the trigonometric components of a misorientated lamina) 
requires the use of statistical methods to obtain the degree of misorientation of fibres 
within a 3D woven composite. As a result, Cox’s method has two significant flaws. 
Firstly, the stiffness of individual elements is integrated and averaged across the 
area of the fibre tows. An analogy for this can be thought of as having an series of 
springs attached end to end with each spring being increasingly or decreasingly stiff. 
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Cox’s method can be likened to predicting the stiffness of this series of spring as 
simply averaging the stiffness of all the springs and defining the stiffness of the chain 
of springs as a whole as this average. While this method would work if the springs 
were all in parallel it is clearly wrong for springs connected in series. Secondly, the 
model’s predictions are based on the outlying regions of the cumulative distribution 
function (CDF) of the orientation of the fibre tows. The region of the CDF that is used 
appears to have been determined empirically. As a result the model lacks the ability 
for universal application as the predictions for stiffness must be calibrated against 
test results.  
 
Clearly a model that would allow for the use of CLA, or other approaches, with 3D 
woven composites to produce accurate predictions/results is desirable. As a result a 
new modelling approach was developed. The method has similarities with Cox’s in 
that they both involve integration of the trigonometric identities. However, the model 
presented in this thesis does not require empirical calibration in order to be used. 
Further, this model is based on geometry and mechanics and does not require the 
use of statistical methods, either experimentally or mathematically. As a result of this 
geometry/mechanics based approach the model allows for the integration of the 
stiffness elements of a fibre tow in two dimensions as opposed to one dimension. 
This is significant as no models have been published that can account for fibres 
within a tow not being perfectly aligned with each other. The model also allows for 
the treatment of the elements within the fibre tow to be treated as stiffness/spring 
elements in both series and parallel (unlike the one dimensional models developed 
by Cox).  
 
The following model assumes that the width of a fibre tow is a minimum between 
out-of-plane fibre tows and a maximum at the mid-point between out-of-plane tows 
(at distance L).  
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Figure 87: Representation of tow and variables for variable fibre orientation micro-
mechanics model 
 
Figure 88: Idealized geometry of fibre bundle within a tow. Illustration shows a region 
of length of half the distance between out-of-plane fibre tows 
 
Assuming the undulation of the tow to be sinusoidal in nature13 we can evaluate the 
degree of misorientation of the fibre and the subsequent effect on the properties of 
                                            
13 The undulation need not be sinusoidal; other shape functions for tow undulation can also be used. 
A sinusoidal shape function was chosen as Cox’s digital image analysis indicated that tow paths in 3D 
composites were well approximated by such functions (22). 
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the fibre tow. Based on the assumption of sinusoidal curvature the perimeter of the 
fibre bundle will be determined by Equation 92. 
 
ݕ௠௔௫ ൌ ሺݓ௠௔௫ െ ݓሻݏ݅݊ ߨݔ2ܮ ൅ ݓ 
 Equation 92 
 
Where w describes the minimum tow width, which occurs between the out-of-plane 
fibre tows and ymax is the distance from the centre of the tow to the periphery of the 
tow at a distance x from a minima in the thickness of the tow 
Therefore the gradient of the perimeter of the fibre bundle is a function of x described 
by 
 
݀ݕ
݀ݔ ൌ ሺݓ௠௔௫ െ ݓሻ
ߨ
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2ܮ 
 Equation 93 
 
Taking a small angle assumption (tanθ = θ), Equation 93 becomes: 
 
݀ݕ
݀ݔ ൌ ሺݓ௠௔௫ െ ݓሻ
ߨ
2ܮ ܿ݋ݏ
ߨݔ
2ܮ ൌ ݐܽ݊ߠ ൎ ߠ 
 Equation 94 
 
However, Equation 94 only describes the angle of the fibres at the perimeter of the 
bundle (were fibre misorientation is at its maximum). If this crimp at the periphery of 
a transverse slice of a tow is defined as θmax and we assume that the angle, θ, of a 
fibre element is a function of the fibres distance from the centre of the tow then we 
can write a relationship between the angle of a fibre at a distance y from the x axis to 
the angle of the fibres at the periphery of the fibre bundle at any distance, x, along 
the fibre tow:  
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ߠ
θ୫ୟ୶ ൌ
ݕ
ݕ௠௔௫ 
 Equation 95 
 
Thus the angle to the central axis of a fibre at any point in the tow can be defined by  
 
ߠ ൌ ሺݓ௠௔௫ െ ݓሻ ݕݕ௠௔௫
ߨ
2ܮ ܿ݋ݏ
ߨݔ
2ܮ 
 Equation 96 
 
Classical Laminate Analysis provides the means to determine the stiffness and 
compliance terms of a lamina loaded at an angle off its principle fibre direction. 
Equation 97 and Equation 99  are examples of ways of calculating the stiffness and 
compliance terms in a lamina of unidirectional fibres loaded in an angle off their 
principle axis, θ. 
 
ധܳଵଵ ൌ ܳଵଵܿ݋ݏସߠ ൅ ܳଶଶݏ݅݊ସߠ ൅ ሺܳଵଶ ൅ 2ܳ଺଺ሻݏ݅݊ଶܿ݋ݏଶߠ  Equation 97 
 
ܵӖଵଵ ൌ ଵܵଵܿ݋ݏସߠ ൅ ܵଶଶݏ݅݊ସߠ ൅ ሺ2 ଵܵଶ ൅ ܵ଺଺ሻݏ݅݊ଶܿ݋ݏଶߠ  
 
 Equation 99 
 
Similar calculations can be performed to find the other terms of the stiffness and 
compliance matrices of a laminate14.  
 
However, these calculations are for a lamina where all the fibres are aligned with 
each other and equally off-axis. The fibres in a 3D woven composite are not aligned 
in such a manner. However, the equations derived so far have shown that it is 
possible to find the angle of orientation of any element of the fibre tow. By 
                                            
14 See literature review for further details 
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substituting Equation 96 into Equation 99 we can obtain an expression for the 
inverse axial stiffness of any element within the fibre tow (Equation 101). 
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Equation 101 
 
It is worth taking a moment to evaluate some of the implications of Equation 96 to 
make sure they are sensible. The first implication is that when y is zero (i.e. at the 
centre of the tow) the value for തܳଵଵ is equal to ܳଵଵ, which is reasonable as we’d 
expect the fibres to be straight in the middle of the tow15. As the distance, x, 
increases the misalignment of the fibres decreases until ݔ ൌ ߨ/2݈, which is the mid-
point between out-of-plane fibre tows, where the fibres are aligned with each other 
and  ഥܳ ଵଵ ൌ ܳଵଵfor any element at this distance.  
 
Substitution of Equation 96 into one of the expressions for defining the transformed 
compliance component, ഥܵ௜௝, or transformed stiffness component, തܳ௜௝, for any element 
within the fibre bundle will yield the other components of the compliance/stiffness 
matrix at that point.  
 
However, if we wish to find the stiffness of a section of the fibre bundle rather than of 
an infinitesimal element then it is necessary to integrate the terms of the 
stiffness/compliance matrix over the area in question. But it is fairly obvious that an 
integration of Equation 101, as it stands, would be a complex task as Equation 101 is 
                                            
15 This assumes that the tow itself is aligned with the load. If the tow is misaligned then ܳଵଵwill be the 
transformed term of the Q matrix. In this way the model can account for misalignment at the tow level 
as well as the fibre level. 
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a function of both x and y. It would be a much simpler task if we could define തܳଵଵ as 
a function of another variable. Fortunately it is possible to integrate Equation 101 
with respect to θ if we divide the product of the expression by its period of 
integration.  
 
This is possible as Equation 95 shows that θ/θmax is equal to y/ymax and the upper-
bounds of these two expressions occur when θ = θmax and y = ymax respectively. 
Therefore the periods of the integrals are equivalent. If we then take the isostrain 
assumption for predicting the axial stiffness of a composite we can define the strain 
of an infinitesimal slice of the fibre bundle, of width dx, at a distance x along the tow 
axis as being the integral of Equation 101 with respect to θ between the bounds of 
θ16 equal to zero and θmax (remembering that θmax is a function of x) and then 
dividing by the period of the integral, which is θmax again, thus we obtain Equation 
102: 
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Equation 102 
 
The various trigonometric terms must now be integrated. The integration all the 
terms for the different elements of the compliance and stiffness matrix is rather 
arduous so for the sake of brevity only the integral of the first term of the first element 
of the compliance matrix (S11) will be demonstrated. For the derivation of the other 
terms and stiffness and compliance matrix elements see Section 11.1  Although the 
other terms of the stiffness and compliance matrices obey different relationships they 
are all trigonometric in nature and can be solved using a series of trigonometric 
                                            
16 This is the case where the tow is not misaligned, just the fibres within it are. If the tow is misaligned 
then the period of integration is the misalignment of the tow with the fibre crimp added (upper bound) 
or subtracted (lower bound). In this manner the model can be used to analyses the effect of crimp at 
the fibre and/or tow level.  
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identities and relationships suitable to the terms of each particular identity. For 
example: 
 
ܿ݋ݏସߠ ൌ ܿ݋ݏଶߠ ൈ ܿ݋ݏଶߠ  Equation 103 
 
ܿ݋ݏଶߠ ൌ ൬1 ൅ ܿ݋ݏ2ߠ2 ൰ 
 Equation 104 
 
ܿ݋ݏସߠ ൌ ൬1 ൅ ܿ݋ݏ2ߠ2 ൰
ଶ
ൌ 14 ሺ1 ൅ 2ܿ݋ݏ2ߠ ൅ cos
ଶ2θሻ  Equation 105 
 
Substituting Equation 104 into Equation 105 yields: 
 
ܿ݋ݏସߠ ൌ 14 ൬1 ൅ 2ܿ݋ݏ2ߠ ൅
1
2 ൅
ܿ݋ݏ4ߠ
2 ൰ 
 
Equation 106 
 
Equation 105 is in a form that can be simply integrated without resorting to 
exponential series, numerical methods and such. For example, the integral of the 
first term is as follows: 
 
න 411 cosS dθ ൌ ଵܵଵ න38 ൅
ܿ݋ݏ2ߠ
2 ൅
ܿ݋ݏ4ߠ
8
ൌ ଵܵଵ ൤3ߠ8 ൅
ݏ݅݊2ߠ
4 ൅
ݏ݅݊4ߠ
32 ൨ 
 
Equation 107 
 
Forms for the remaining terms of Equation 102 that are suitable for integration are 
similarly found and yield   
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නܵଶଶݏ݅݊ସߠ݀ߠ ൌ ܵଶଶ ൤3ߠ8 െ
ݏ݅݊2ߠ
4 ൅
ݏ݅݊4ߠ
32 ൨ 
 Equation 108 
 
නሺ2 ଵܵଶ ൅ ܵ଺଺ሻݏ݅݊ଶߠܿ݋ݏଶߠ ൌ ሺ2 ଵܵଶ ൅ ܵ଺଺ሻ ൤ߠ8 െ
ݏ݅݊4ߠ
32 ൨ 
 Equation 109 
 
Combining Equation 107, Equation 108 and Equation 109 and dividing by the period 
of the integration then yields an equation for the equivalent average S11 term of a 
slice of material of thickness dx in the tow; 
 
ܵҧଵଵ௔௩௚ ൌ 12ߠ௠௔௫ ቐ ଵܵଵ ൤
3ߠ
8 ൅
ݏ݅݊2ߠ
4 ൅
ݏ݅݊4ߠ
32 ൨ି max,
max,
൅ ܵଶଶ ൤3ߠ8 െ
ݏ݅݊2ߠ
4 ൅
ݏ݅݊4ߠ
32 ൨ି max,
ఏ
൅ ሺ2 ଵܵଶ ൅ ܵ଺଺ሻ ൤ߠ8 െ
ݏ݅݊4ߠ
32 ൨ି max,
ఏ೘ೌೣ ቑ 
 
Equation 110 
 
ܵҧଵଵ௔௩௚ ൌ ଵܵଵ ൬3ߠ௠௔௫8ߠ௠௔௫ ൅
ݏ݅݊2ߠ௠௔௫
4ߠ௠௔௫ ൅
ݏ݅݊4ߠ௠௔௫
32ߠ௠௔௫ ൰
൅ ܵଶଶ ൬3ߠ௠௔௫8ߠ௠௔௫ െ
ݏ݅݊2ߠ௠௔௫
4ߠ௠௔௫ ൅
ݏ݅݊4ߠ௠௔௫
32ߠ௠௔௫ ൰
൅ ሺ2 ଵܵଶ ൅ ܵ଺଺ሻ ൬ ߠ௠௔௫8ߠ௠௔௫ െ
ݏ݅݊4ߠ௠௔௫
32ߠ௠௔௫ ൰ 
 
Equation 111 
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ܵҧଵଵ௔௩௚ ൌ ଵܵଵ ൬38 ൅
ݏ݅݊2ߠ௠௔௫
4ߠ௠௔௫ ൅
ݏ݅݊4ߠ௠௔௫
32ߠ௠௔௫ ൰
൅ ܵଶଶ ൬38 െ
ݏ݅݊2ߠ௠௔௫
4ߠ௠௔௫ ൅
ݏ݅݊4ߠ௠௔௫
32ߠ௠௔௫ ൰
൅ ሺ2 ଵܵଶ ൅ ܵ଺଺ሻ ൬18 െ
ݏ݅݊4ߠ௠௔௫
32ߠ௠௔௫ ൰ 
 
Equation 112 
 
In order to carry out this procedure it is necessary to know some physical 
parameters about the geometry of the fibres. To determine the degree of 
misalignment of the fibres, samples of the thick and thin 3D woven composites 
where mounted in resin and then had layers ground and polished away to reveal the 
arrangement of the fibre tows within the layers of the laminate. Figure 89 is an 
example of one of the photos taken from microscopy of a thick 3D woven sample. To 
obtain values for the change in tow separation, and the characteristic length over 
which this occurs, a series of images were taken and digital measurements made. 
The results were then averaged and used to find a value for θmax for the thick and 
thin samples. The measurement of these values, and consequently θmax, was subject 
to operator judgment/error so the values for crimp are only given too two significant 
figures, although even two significant figures may be an optimistic level of accuracy 
given the measurement technique. Along the loading directions they values for θmax 
were 0.18rads and 0.12rads for the thick and thin samples respectively. 
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Figure 89: Thick 3D woven sample showing examples of distances and angles 
measured.  
  
This information can be used in conjunction with Equation 96 to provide the upper 
bounds (θmax) for evaluating Equation 112. 
 
ܵҧଵଵ௔௩௚ ൌ ଵܵଵ ൬38 ൅
ݏ݅݊2ߠ௠௔௫
4ߠ௠௔௫ ൅
ݏ݅݊4ߠ௠௔௫
32ߠ௠௔௫ ൰
൅ ܵଶଶ ൬38 െ
ݏ݅݊2ߠ௠௔௫
4ߠ௠௔௫ ൅
ݏ݅݊4ߠ௠௔௫
32ߠ௠௔௫ ൰
൅ ሺ2 ଵܵଶ ൅ ܵ଺଺ሻ ൬18 െ
ݏ݅݊4ߠ௠௔௫
32ߠ௠௔௫ ൰ 
 
Equation 113 
 
It may also be useful to find the lamina engineering constants for a transverse slice 
of a ply and this can be done by a similar method: 
 
 ܧ௬ ൌ ଵ׬ቂ భಶభ௦௜௡రఏାቀ భಸభమିమംభమಶభ ቁ௦௜௡మఏ௖௢௦మఏା భಶమ௖௢௦రఏቃௗఏ
  Equation 114 
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Equation 115 
  
As can be inferred from the geometry of the 3D woven material composite material 
used here (and shown in the equations derived here), the greatest misalignment of 
fibres occurs in the regions next to the out-of-plane fibre tows. The effect of 
misalignment within a tow is shown in Figure 90. As with a lamina, misalignment of 
fibres within tows of a lamina with the load direction will lead to a reduction in the 
effective stiffness of the lamina. As the misalignment of fibres within a tow varies 
from zero to the upper-bound of misalignment, the extent of stiffness reduction is not 
as great as that for a misaligned lamina (where all fibres possess the same degree 
of misalignment).  
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Figure 90; Predicted effect of misalignment of fibres within an infinitesimal transverse 
slice of a tow on its stiffness. The effect of lamina misalignment shown for 
comparison. Properties are based on a ply of UD HTS40 carbon fibre with a Vf of 
60% and an MVR-444 matrix 
 
The extent of fibre misalignment is a function of the geometry of the laminate. In this 
report the thinner 3D woven panels appear to have a lower Vf than the thick samples 
but they experience less of a reduction in stiffness as the out-of-plane tows in these 
materials are narrower so cause less in-plane crimp. As a result they should be 
stiffer than the thick material. Values for the maximum stiffness reduction of some of 
the 3D woven materials are shown in Table 21. 
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Material 
Fibre 
misalignment at 
tow edge 
Modulus Stiffness 
reduction 
Radians GPa % 
3D woven (MVR-444 @180) 2.5mm 0.12 124 14.1 
3D woven (MVR-444 @180) 5mm 0.18 106 26.9 
3D woven (RTM6 @180) 5mm 0.18 106 26.5 
3D woven (MVR-444 @90) 2.5mm 0.12 124 14.1 
3D woven (MVR-444 @90) 5mm 0.18 106 26.9 
NCF (MVR-444 @180) 5mm 0.18 106 26.9 
NCF (MVR-444 @180) 2.5mm 0.12 124 14.1 
 
Table 21: Effect of misalignment of fibres on the stiffness of the regions coincident 
with the out-of-plane fibre tows (i.e. region of maximum crimp). Note that the 
stiffness reduction in the thin samples is less as they contain narrower out-of-plane 
tows. Values for misalignment of the tows were measured using a software package 
from Zeiss called AxioVision 4.7 and then averaged 
 
However, the extent of fibre misorientation varies along the tow length as θmax varies. 
Obviously this means that it would be unreasonable to use these minimum values of 
stiffness for determining the reduction in stiffness over the length of the tow. It is also 
apparent that the variation in stiffness along the fibre tows varies which means that 
an isostrain assumption (used with an average stiffness) along the length of the 
model would clearly be inaccurate. Rather, it is apparent from equilibrium that all 
transverse slices through a section of the tow will be subject to the same load. 
However the deformation of each transverse slice will be a function of the stiffness of 
said slice. If each slice, Si, of length xi undergoes an extension dxi then the strain of 
a series of slices from i to n will be: 
 
ࢿࢇ࢜ࢍ ൌ ∑ ࢊ࢞࢏
࢔࢏స૚
∑ ࢞࢏࢔࢏స૚
  
 
Equation 116 
 
The cross-sectional area of each transverse slice through material is constant, and 
as the force is constant so too is the stress applied to any slice of the material 
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(isostress conditions). From this assumption we can simply find an expression for the 
effective stiffness of a tow: 
 
ߪ
߳௜ ൌ ܧ௜ 
 Equation 117 
 
݀ݔ௜
ݔ௜ ൌ
ߪ
ܧ௜ 
 
Equation 118 
  
ߝ௘௙௙ ൌ
ߪ ቀ∑ x୧E୧
࢔࢏ୀ૚ ቁ
∑ x୧࢔࢏ୀ૚ ൌ
ߪ
ܮ෍
x୧
E୧
࢔
࢏ୀ૚
 
 
Equation 119 
 
ܧ௘௙௙ ൌ ߪߝ௔௩௚ ൌ
ߪ
ߪ
ܮ ∑
x୧ܧ௜
௡௜ୀଵ
ൌ ܮ∑ x୧ܧ௜
௡௜ୀଵ
  Equation 120 
 
While the large summations suggest that closed form integration along the length of 
the fibre tow would be a suitable means of evaluating the summation, it should be 
born in mind that the stiffness of each transverse slice is a function of x and y which 
was reduced to an equivalent integral as a function of θ. As a result a closed form 
integration to solve the effective stiffness of a lamina of fibre bundle would be a 
lengthy process. Equation 120 is in the form of a Reimann sum so it is simple to find 
a solution for it using simple computer programs by simply making the interval very 
small. 
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Figure 91: Stiffness variation along the length of a fibre tow. In this case the material 
is 3D woven carbon fibre with a MVR444 matrix cured at 180 degrees. The material 
properties are those found from the micromechanics described earlier. 
 
Figure 91 shows how the stiffness of a lamina of fibre bundles will vary from a region 
starting from adjacent to an out-of-plane fibre tow to the mid-point between out-of-
plane fibre tows. As the tow (and fibre misalignment) are symmetrical either side of 
this midpoint the stiffness of an entire region of fibre bundles between out-of-plane 
tows is the same as the effective stiffness of this half-period. The effective stiffness 
of a lamina which fibre misalignment (in-plane fibre crimp) can be calculated and the 
reduction in stiffness for some for the 3D materials used can be seen in Table 22. 
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Table 22: Effect of fibre misalignment on the stiffness of some of the materials used. 
Lamina properties are based on conventional micromechanics and the new variable 
fibre crimp model 
 
The stiffness predictions for the thick 3D woven panels cured at 1800C are high, 
even once the effect of fibre misalignment has been taken into account using the 
method derived here. The predicted stiffness values found are highly dependent on 
the Vf of the composite. The Vf values obtained for these samples are very high 
(even when compared to a UD prepreg material). As a result suspicion over the 
validity of the measured Vfs is reasonable.  
 
Given the lack of confidence in the measured Vf values for the materials tested, 
further analysis will be done on the assumption of a Vf of 60%. The reason for this is 
that such Vfs seem consistent with values published in literature (22). On the basis of 
this assumption, the predicted stiffness of a lamina of some of the materials used are 
shown in Table 23. 
Material 
Reduced stiffness 
due to fibre 
misalignment 
Stiffness with 
no in-plane 
crimp 
Reduction 
in stiffness 
GPa GPa % 
3D woven (MVR-444 1800C) 
5mm 122.1 144.5 15.5 
3D woven (RTM6 1800C) 5mm 122.4 144.4 15.3 
3D woven (MVR-444 900C) 
5mm 122.1 144.5 15.5 
3D woven (MVR-444 1800C) 
2.5mm 132.8 144.5 8.1 
3D woven (MVR-444 90)C) 
2.5mm 132.8 144.5 8.1 
Table 23: Reduction in stiffness due to in-plane crimp for materials with an assumed 
Vf of 60% 
Material Reduced stiffness due to fibre misalignment Sitffness with no in-plane crimp Reduction in stiffness
Gpa Gpa %
3D woven (MVR-444 @180) 5mm 153.6 174.0 11.7
3D woven (RTM6 @180) 5mm 158.1 177.2 10.8
3D woven (MVR-444 @90) 5mm 120.4 142.7 15.6
3D woven (MVR-444 @180) 2.5mm 119.0 130.3 8.7
3D woven (MVR-444 @90) 2.5mm 122.8 134.3 8.5
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The other engineering constants of the lamina can be similarly found. The VFO 
model predicts a significant decrease in longitudinal stiffness but the predicted 
increase in transverse modulus is extremely small (1.8x10-2% for the thin samples 
and 4.75x10-2% for the thick samples) over the range of fibre misorientation in these 
materials. 
 
Using the micro-crimp model it is possible to determine the stiffness and compliance 
matrices of an equivalent lamina within the 3D composites used and from there 
generate the ABD matrices for the 3D laminates. 
 
The Q and S matrices for thin 3D woven samples made with MVR-444 are: 
 
ሾܳሿ ൌ ൥
133.9 2.416 0
2.416 7.844 0
0 0 3.89
൩ ܩܲܽ 
 
Equation 121 
 
ሾܵሿ
ൌ ൥
7.503 ൈ 10ିଷ െ2.312 ൈ 10ିଷ 0
െ2.312 ൈ 10ିଷ 1.282 ൈ 10ିଵ 0
0 0 2.571 ൈ 10ିଵ
൩ ܩܲܽିଵ
 
Equation 122 
 
Similarly for the thick 3D woven samples made with MVR-444: 
 
ሾܳሿ ൌ ൥
122.8 2.417 0
2.417 7.848 0
0 0 3.89
൩ ܩܲܽ 
 
Equation 123 
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ሾܵሿ
ൌ ൥
8.19 ൈ 10ିଷ െ2.523 ൈ 10ିଷ 0
െ2.523 ൈ 10ିଷ 1.282 ൈ 10ିଵ 0
0 0 2.571 ൈ 10ିଵ
൩ ܩܲܽିଵ
 
Equation 124 
 
And for the thick samples made with RTM-6: 
 
ሾܳሿ ൌ ൥
124.6 2.571 0
2.571 8.033 0
0 0 2.96
൩ ܩܲܽ 
 
Equation 125 
 
ሾܵሿ
ൌ ൥
8.077 ൈ 10ିଷ െ2.585 ൈ 10ିଷ 0
െ2.585 ൈ 10ିଷ 1.253 ൈ 10ିଵ 0
0 0 3.378 ൈ 10ିଵ
൩ ܩܲܽିଵ
 
Equation 126 
 
 Using these stiffness and compliance matrices the ABD matrices can be found 
 
 
Table 24: ABD matrices for thin 3D woven panels with MVR444 matrix. A matrix in 
MPA, D matrix in Nm 
 
 
245994 7100.64 0 0 0 0
7100.64 190259 0 0 0 0
0 0 11436.6 0 0 0
0 0 0 216516 5114.59 0
0 0 0 5114.59 97717 0
0 0 0 0 0 8237.78
4.07E-06 -1.52E-07 0 0 0 0
-1.52E-07 5.26E-06 0 0 0 0
0 0 8.74E-05 0 0 0
0 0 0 4.62E-06 -2.42E-07 0
0 0 0 -2.42E-07 1.02E-05 0
0 0 0 0 0 0.000121
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Table 25: Inverse ABD matrices for thin 3D woven panels with MVR444 matrix. A 
matrix in MPA-1, D matrix in 1/Nm 
 
 
Table 26: ABD matrices for thick 3D woven panels with MVR444 matrix. A matrix in 
MPA, D matrix in Nm 
 
 
Table 27: Inverse ABD matrices for thick 3D woven panels with MVR444 matrix. 
matrix in MPA-1, D matrix in 1/Nm 
 
  
Table 28: ABD matrices for thick 3D woven panels with MVR444 matrix. A matrix in 
MPA, D matrix in Nm 
 
 
397162 13193.6 0 0 0 0
13193.6 346544 0 0 0 0
0 0 21239.4 0 0 0
0 0 0 1.11E+06 32776.9 0
0 0 0 32776.9 735912 0
0 0 0 0 0 52765
2.52E-06 -9.60E-08 0 0 0 0
-9.60E-08 2.89E-06 0 0 0 0
0 0 4.71E-05 0 0 0
0 0 0 9.01E-07 -4.01E-08 0
0 0 0 -4.01E-08 1.36E-06 0
0 0 0 0 0 1.90E-05
246292 7551.74 0 0 0 0
7551.74 190619 0 0 0 0
0 0 11583.6 0 0 0
0 0 0 216687 5439.52 0
0 0 0 5439.52 98019.6 0
0 0 0 0 0 8343.67
4.07E-06 -1.61E-07 0 0 0 0
-1.61E-07 5.25E-06 0 0 0 0
0 0 8.63E-05 0 0 0
0 0 0 4.62E-06 -2.56E-07 0
0 0 0 -2.56E-07 1.02E-05 0
0 0 0 0 0 0.00012
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Table 29: Inverse ABD matrices for thin 3D woven panels with RTM-6 matrix. matrix 
in MPA-1, D matrix in 1/Nm 
 
 
Table 30: ABD matrices for thick 3D woven panels with RTM-6 matrix. A matrix in 
MPA, D matrix in Nm 
 
  
Table 31: Inverse ABD matrices for thick 3D woven panels with RTM-6 matrix. A 
matrix in MPA-1, D matrix in 1/Nm 
 
Having obtained the ABD matrices for the materials it is possible to come up with 
predictions for their stiffness and compare them to experimentally determined values 
(Figure 92). 
 
397691 13193.5 0 0 0 0
13193.5 346997 0 0 0 0
0 0 21239.4 0 0 0
0 0 0 1.11E+06 32776.6 0
0 0 0 32776.6 736852 0
0 0 0 0 0 52765
2.52E-06 -9.57E-08 0 0 0 0
-9.57E-08 2.89E-06 0 0 0 0
0 0 4.71E-05 0 0 0
0 0 0 9.00E-07 -4.00E-08 0
0 0 0 -4.00E-08 1.36E-06 0
0 0 0 0 0 1.90E-05
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Figure 92: Experimentally determined Youngs' Moduli of thick 3D woven specimens 
vs Predicted moduli from VFO model. The VFO model does not predict modulus to 
be affected by cure temperature. The moduli of the RTM-6 and MVR-444 matrix 
samples are predicted to be almost identical. 
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Figure 93: experimentally determined Youngs' Moduli of thin 3D woven specimens 
vs Predicted moduli from VFO model 
 
Figure 93 and Figure 92 compare experimental results with predictions from the VFO 
model. As can be seen the predicted stiffness for the thin samples is much higher 
than experimentally observed. On the other hand, the predicted stiffness for the thick 
specimens is very close to that measured experimentally. It is apparent that cure 
temperature affects the modulus of the materials. This does seem curious as this is 
not the case for conventional 2D composites. While cure temperature may affect the 
load at which failure starts to occur in a ply and/or the laminate it generally does not 
affect the modulus. However, microscopy of the materials before testing revealed the 
presence of damage in the form of micro-cracks in the resin rich regions between 
fibre tows in the samples cured at 1350 and 1800 (Figure 94). Whilst this 
phenomenon has not been reported elsewhere, it certainly occurs in the materials 
used for this body of work. Further, it is known that damage in composites can/will 
lead to a decrease in the modulus. Further consideration of this matter will follow the 
upcoming section on the strength of 3D woven composites. 
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Figure 94; Cross-section of thick 3D woven composite with MVR-444 matrix cured at 
180 degrees. Microcracks are highlighted by red ovals 
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5.2.2.4 Micromechanics and Fibre misorientation: A new approach to predicting 
the strength of 3D woven composites 
 
While a variety of models to predict the stiffness of 3D woven composites have been 
developed (with questionable degrees of success) the same cannot be said for 
models to predict the strength of 3D woven composites. The reasons for this are 
likely a function of two factors. Orientation averaging models that don’t take into 
account fibre crimp are likely to hugely overestimate the in-plane strength of these 
materials. For example the strength of a lamina with no crimp and a Vf of 60% is 
predicted to be approximately 2600 MPa (which is comparable to the experimentally 
determined strength of UD prepregs made of the same fibre type and volume 
fraction). Thus for a 3D woven angle-ply one would expect the strength of the 
material to be around half this value (depending on the orientation of the laminate). 
However, the experimental evaluation of these 3D woven materials shows that their 
strength is significantly below this, as can be seen in Figure 95. 
 
 
Figure 95: Tensile strength of thick 3D woven samples with an MVR-444 matrix 
cured at different temperatures. Error bars represent one standard deviation. 
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On the other hand, stiffness models that do take into account fibre crimp are prone to 
greatly underestimating the strength of a material with the degree of crimp present in 
3D woven materials due to their foundations in CLA. The reason for this is easiest 
understood by examining Figure 96.  
  
 
Figure 96; Strength of an equivalent lamina of 3D woven composite with an MVR-
444 matrix cured at 900 using a variety of failure criteria 
 
Figure 96 shows how the strength of a lamina with the constituent properties of the 
thin 3D woven composite with an MVR-444 matrix cured at 900 will vary as the fibres 
are oriented away from the longitudinal axis. What is immediately apparent is the 
very rapid drop off in strength as the load becomes increasingly off-axis to the fibres. 
Given that the thick and thin 3D woven materials have fibres misalignment going to 
approximately 0.12rads and 0.18rads respectively one would expect these materials to 
fail at loads at a fraction of the strength of materials made of aligned fibres (i.e. 
prepregs) but this is not the case. 
 
The reason for the rapid drop off in strength in a misaligned lamina is that beyond a 
small degree of misalignment the lamina will fail by shear of the matrix rather than 
tensile rupture of the fibres. CLA allows for the prediction of this shear force for 
failure and it is equal to: 
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߬ଵଶ ൌ െߪ௫ݏ݅݊ߠܿ݋ݏߠ  Equation 127 
 
Thus the lamina will fail by shear when the shear stress due to misalignment 
exceeds the shear strength of the composite (which in turn is determined by the 
shear strength of the matrix). However, the basis of this failure is that the all the 
fibres within the lamina possess the same alignment and will thus fail 
simultaneously. However, within the 3D woven materials in question we know that 
the misalignment of the fibres within the material varies and thus the strength of 
elements within the fibre tows will vary as well as their failure mechanisms. 
 
From CLA it is possible to determine the degree of misalignment necessary before 
the fibres within a composite will fail by shear of the matrix rather than by tensile 
rupture of the fibres by setting τ12 in Equation 127 to the shear strength of the matrix 
(70MPa from tests conducted on +/-450 NCF laminates, which is slightly lower than 
the manufacturer’s data). This yields an angle of 0.0268rads, or 1.540, where a failure 
transition from tensile fibre rupture to shear of the matrix would occur. Fibres aligned 
beyond this are predicted to fail by matrix shear. Given that such a small proportion 
of the fibres within a 3D woven composite will fail by fibre rupture (approximately 
15% and 22% of the fibres for the thick and thin 3D woven composites respectively) 
one would expect the strength of these materials to be very low. The axial load 
required for the composites to fail by shear is shown in Figure 97. Regions within the 
composite where the fibre misalignment is small enough that the axial stress 
required for shear failure is greater than the longitudinal strength of aligned fibres 
(predicated to be 2600MPa for these materials assuming a Vf of 60%) will fail by 
rupture of the fibres.  
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Figure 97: Axial stress required for a composite lamina to fail by shear at a given 
angle. Note that this is for a misaligned lamina, not a tow with misaligned fibres. 
Curve come from CLA predictions for an HTS40 UD carbon fibre lamina with a Vf of 
40% and an MVR444 matrix. 
 
On this basis when the axial stress in a layer of 3D woven composite exceeds 
400MPa for the thick materials, or 570MPa for the thin material, the lamina should 
start to fail. Bearing in mind that not all the layers are nominally aligned with the axial 
load (there are layers oriented 900 to the axial load too) the laminate stress for failure 
to start in these aligned layers is roughly half the values for lamina stress (as shown 
in Figure 97). Thus one might expect that as the regions in the periphery of the fibre 
bundle start to fail they are no longer capable of carrying load and that the remaining 
load must be carried by a smaller proportion of the fibre tow which will then also fail 
and thus one might expect a cascade failure from the periphery of the tow inwards at 
these low loads. But this is not the case in reality which must lead to the questioning 
of the inability of ‘failed’ regions of the tow being unable to carry any load after the 
predicted failure load is reached. While computational/FEA models for laminated 
materials typically reduce the stiffness/strength contributions of ‘failed’ regions to1% 
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for longitudinal and transverse stresses and 20% for shear stresses this approach 
would clearly not give a reasonable solution here.  
 
Given the lack of strength models for 3D composites (and the complete absence of 
closed form solutions within this area) it seems that a new model with its own set of 
assumptions is necessary. The critical assumption of the following model is that 
regions of fibre that have reached their ‘failure load’ for shear failure of the matrix is 
that these regions can still continue to bear that failure load until global failure of the 
composite. While this is a controversial assumption as there are no other models 
that use such an assumption (the closest is the assumption by some 
computational/FEA models that failed regions retain a stiffness of 1% or 20% of their 
pre-failure properties) it is this author’s hope that this assumption can be justified. 
 
Epoxies, such as the MVR-444 and RTM-6 resin used here, are quasi-brittle 
materials. This is evidenced by the large discrepancies between the tensile and 
compressive performance. Under tension (a crack opening mode) epoxies are 
significantly weaker than in compression. Further, while failure in tension is brittle, 
these materials will yield plastically before failure in compression. If a material’s 
failure is brittle or partially brittle it can be examined with fracture mechanics. 
According to fracture mechanics an existing defect within a material will propagate 
when it is energetically favourable. The nature of this load situation can be predicted 
to occur when a critical stress intensity is reached at a crack tip 
(alternatively/similarly; more energy is released by the formation of new fracture 
surfaces than in opening up the defect further). Thus under a given load situation it 
corresponds that there is a certain critical defect size that will result in brittle failure of 
the material. For a quasi-brittle (partially plastic) material, like the epoxies in 
consideration, fracture mechanics requires the consideration of plastic region that 
arises at a crack tip.  
 
To start with, consideration will be given to the modified Griffith’s equation: 
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Equation 128 
 
As can be seen from Equation 128 (78), the stress required to cause failure by 
fracture of a material is a function of the material’s properties and the size of the 
crack/defect in question. If we assume that there is a defect within a tow of the 3D 
composite and that that tow is subject to a stress along its longitudinal axis that crack 
will preferably propagate in the transverse direction to the load. However, the matrix 
in the fibre tows is surrounded by carbon fibres. Further, we know that the spacing 
between fibres will be either 8.05µm (square packing arrangement) or 8.65µm 
(triangular packing) and the radii of the fibres (7.035µm). Thus the maximum 
transverse crack size that can occur within a unit cell of fibres is 4.35µm or 1.35µm 
for the square and triangular packing arrangements respectively. Based on the 
maximum possible crack size between the carbon fibres within the tows it is possible 
to find the axial stress that needs to be applied for defect propagation to become 
energetically favourable (i.e. stress for brittle fracture in a ply/layer loaded along its 
length). Given that the packing of the fibres will not conform to one particular packing 
geometry and that variation in fibre spacing is inevitable a crack size of 10µm will be 
assumed as the maximum possible transverse crack size between fibres. 
 
Given this possible crack size the critical stress for brittle fracture of the composites 
with an RTM-6 matrix is 124.3MPa and is 172.1MPa for the composites with an 
MVR-444 matrix. This corresponds to a strain of 4.3% for RTM-6 and 5.6% for MVR-
444 which is far below the failure strains observed during tensile testing of the 
composite specimens. On this basis the stress within the matrix that will cause brittle 
failure between the fibres will never be reached. In addition in regions of the fibre 
tows with misalignment beyond 1.540 the matrix will yield in shear far before tensile 
stress in the matrix comes close to the bulk tensile failure strength of the matrix. 
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Further support for the assumption that the matrix can continue to support load equal 
to its shear strength without fracturing can be found by examination of the crack tip 
plasticity that occurs in quasi-brittle materials. The radius of the plastic region that 
will occur in front of a crack tip in these materials can be found from Equation 129 
(78). 
 
ݎ௣ ൌ 1ߨ ቆ
ܭூ௖
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ଶ
 
 
Equation 129 
 
The size of the plastic zone ahead of a crack in these materials will be 11.82µm and 
8.87µm for MVR-444 and RTM-6 matrices respectively. The size of these plastic 
zones is larger than the inter-fibre spacing within the fibre tows. In order for a 
crack/defect to initiate brittle failure it must reach a critical size for the loading 
conditions. But if size of the plastic zone ahead of the crack is greater in size than 
the maximum possible defect size (limited by fibres surrounding the crack) it should 
not be possible for the matrix to fail due to a crack perpendicular to the fibres when 
loaded axially.  
 
Hopefully the acceptability of the assumptions for this strength model can be 
tolerated for the moment. 
 
Elements of the fibre tow where fibre misalignment is less than the transition angle θt 
(0.0268rads) will fail by fibre rupture. Therefore the contribution to the strength of the 
equivalent lamina is: 
 
ߪ௥ ൌ ߪఏୀ଴ ߠ௧ߠ௠௔௫ 
 Equation 130 
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The shear stress in the matrix of a misaligned composite can be found using 
 
߬ଵଶ ൌ െߪ௫ݏ݅݊ߠܿ݋ݏߠ  Equation 131 
 
The amount of stress that an element of material with a misalignment of θ can 
sustain is then equal to 
 
ߪ௫ ൌ ߬௠௔௫ݏ݁ܿߠܿ݋ݏ݁ܿߠ  Equation 132 
 
However, as the angle of misalignment varies from θt to θmax it is necessary to 
evaluate the strength contribution of all the elements over this fibre orientation which 
requires integration of Equation 132 Through the use of trigonometric identities it is 
possible to show that Equation 132  is equivalent to: 
 
߬௠௔௫ݏ݁ܿߠܿ݋ݏ݁ܿߠ ൌ ߬௠௔௫ ݏ݁ܿ
ଶߠ
ݐܽ݊ߠ  
 Equation 133 
   
Equation 133 is now in the familiar form of f’θ/fθ which is more readily integrated and 
we can now find the axial strength of the fibre elements that fail by shear (στ) using: 
 
ߪఛ ൌ ߬௠௔௫ߠ௠௔௫ െ ߠ௧ න
ݏ݁ܿଶߠ
ݐܽ݊ߠ ݀ߠ ൌ
ఏ೘ೌೣ
ఏ೟
߬௠௔௫
ߠ௠௔௫ െ ߠ௧ ሾ݈݊ݐܽ݊ߠሿఏ೟
ఏ೘ೌೣ 
 
Equation 134 
 
Equation 134 provides the equivalent strength of the misaligned regions that fail by 
shear and in order to find the contribution of these regions to the total strength of the 
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layer it is necessary to multiply this expression by the proportion of fibres misaligned 
beyond θt relative to the total fibre alignment variation θmax: 
 
ߪఛ௖ ൌ ߠ௠௔௫ െ ߠ௧ߠ௠௔௫
߬௠௔௫
ߠ௠௔௫ െ ߠ௧ ሾ݈݊ݐܽ݊ߠሿఏ೟
ఏ೘ೌೣ  Equation 135 
 
The predicted strengths provided by this method are shown in Table 32. 
 
Material Strength 
contribution from 
fibre rupture/ MPa 
Strength 
Contribution from 
shear dominated 
regions/MPa 
Predicted strength 
of lamina/MPa 
Thick 3D woven 777 944 1722 
Thin 3D woven 959 875 1908 
Table 32: Predicted strength of layers within the thick and thin 3D woven materials 
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5.2.2.5 Strength: Macromechanics and Fibre misorientation within tows 
 
Having found the strength of an equivalent lamina within the 3D woven laminate it is 
possible to use this data, in conjunction with the ABD matrices found earlier, to come 
up with predictions for the strengths of the 3D woven composites. The predicted 
stiffness and strength of the fibre tows from the model presented here can be used 
with a variety of macromechanical failure criteria. The results of combining this 
micro-scale strength model with the macroscopic strength criteria are presented in 
Figure 98-Figure 101. 
 
 
Figure 98: UTS predictions for thin 3D woven composites with an MVR 444 matrix 
using a variety of failure criteria 
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Figure 99: UTS predictions for thick 3D woven composites with an MVR 444 matrix 
using a variety of failure criteria 
 
 
Figure 100: UTS predictions for thin 3D woven composites with an RTM-6 matrix 
using a variety of failure criteria 
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Figure 101: UTS predictions for thick 3D woven composites with an RTM-6 matrix 
using a variety of failure criteria 
 
The minimum values for strength predicted by combining the micromechanics model 
with macroscopic strength models are compared with experimentally determined 
results in Figure 102 and Figure 103.  
 
 
Figure 102: Experimentally determined results in comparison with predicted 
strengths for thick 3D woven specimens 
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Figure 103: Experimentally determined results in comparison with predicted 
strengths for thin 3D woven specimens 
 
The predicted strength values for MVR-444 are within the range of experimental 
results. The difference between predicted and experimental results depends on the 
macroscopic failure criterions chosen. When the lamina strength properties from the 
micro-mechanics crimp model are put into the macroscopic criteria the range of 
strength predictions incorporates the experimental results. Using the macroscopic 
criteria alone always results in strength predictions above those experimentally 
observed. Although specific failure criteria may appear to generate good results for 
these materials it is not suggested that any one criteria be accepted at this stage. 
With further investigation and understanding such recommendations should be made 
but at this stage, to do so, would be premature, especially given the assumed 
interactions at the micro-mechanical level. 
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In general, the predictions for strength and experimental results diverge as the cure 
temperature increases. It is apparent that increased cure temperatures have a 
deleterious effect on the strength of 3D woven samples. As previously mentioned, 
the samples cured at 1350C and 1800C contain micro-cracks in the resin rich regions 
between the fibre tows and this is a likely cause for the degradation in both strength 
and stiffness of these samples. Possible effects of these micro-cracks will be 
discussed in the next section.  
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5.2.2.6 The effect of cure temperature 
 
Unlike the previous sections, which worked up from the micro-scale to the macro-
scale, this section will start from the macro-scale and use a phenomenological 
approach to give a possible explanation of the stiffness and strength behaviour of the 
3D woven composites. Further explanation for the behaviour will then be sought at 
the micro-scale. 
 
5.2.2.7 Stiffness and the failure of transverse plies 
 
Microscopy of the samples cured at 1800C and 1350C revealed that these samples 
exhibited significant micro-cracking between the tows. These cracks appear to follow 
the boundaries between the resin rich regions and fibre tows but the micro-cracks do 
not appear in the fibre tows themselves. While the effect of this will be smaller in 
layers where the fibres are aligned with the load, micro-cracking is likely to 
significantly affect the behaviour of layers transverse to the load. In fact, it is 
apparent that the resin rich regions between tows in a transverse layer effectively fail 
as they are cooled from their cure temperature for the 1350C and 1800C samples. 
Failure onset of these resin rich regions is early in the 900C cure samples.  
 
Figure 104:  Tensile Stress vs Strain for a thick sample with MVR-444 matrix cured 
at 900C. The numbered points are loads where strain fields from DIC are taken for 
Figure 105. 
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Figure 104 is a stress vs strain graph for a thick 3D woven panel made with MVR-
444 cured at 900C. On the graph it is apparent that the measured strain drops 
intermittently as the load is increased. This is assumed to be a result of transverse 
cracks propagating in the 900 layers. Failure of the transverse layers in the 900C cure 
samples does not appear immediately upon loading. This can be seen in stage 1 in 
Figure 105 where the bands of high strain across the sample (indicative of failure) 
are not apparent. 
 
 
Figure 105: Strain fields from DIC at various stages of tensile loading of a thick 
sample with an MVR-444 matrix cured at 900C. The image numbers correspond to 
the numbered locations on Figure 104. The strain maps are approximately 32mm 
wide. 
 
Figure 106 shows the strain fields in a thick sample with an RTM-6 matrix (cured at 
1800C). Although it is not immediately obvious in Stage 1 it does appear that the 
transverse plies have already failed. If one looks closely it is apparent that transverse 
bands of regions of higher strain are apparent. This lends credence to the 
assumption that the transverse layers have effectively failed during production. As a 
result their load carrying ability in the axial direction is likely negligible. The 
subsequent stages show the development of these bands of high strain. It is also 
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worth noting the regions between these transverse bands were experiencing minimal 
strains. 
 
Approximately 25% of failure Start of loading 
Approximately 50% of failure Approximately 75% of failure 
Just prior to failure 
Figure 106: Strain Fields at various tensile load levels for thick 3D woven composite
with RTM-6 matrix cured at 1800C 
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Figure 107: Tensile Stress vs Strain for a thin 3D woven sample with an MVR 444 
matrix cured at 1800 
 
 
Figure 108: DIC strain field maps corresponding to the marked locations in Figure 
107 
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transverse plies) before being loaded we can use CLA in combination with the 
stiffness models derived earlier to predict the stiffness of panels with micro-
cracks/failed transverse layers (i.e. cured at either 1350 or 1800). 
 
Figure 109 shows the predicted stiffness of samples with micro-cracking. The 
agreement between the predicted stiffness and the experimental results appears to 
be reasonable for these thick samples. However, the predictions for the thin samples 
are clearly not as good. While the approach taken here does predict a drop in 
strength the degree of this change is not as great as that observed experimentally.  
 
 
Figure 109: Predicted stiffness of thick 3D woven materials with failed transverse 
layers 
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Figure 110: Predicted stiffness of thin 3D woven materials with failed transverse 
layers  
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The thermal strains in a unidirectional laminate along its axis is described by 
Equation 136, while the thermal strain in an off-axis lamina takes the form of 
Equation 137 with the coefficients of thermal expansion for an angle being obtained 
using the inverse transformation matrix as shown in Equation 138: 
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Equation 137 
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Equation 138 
 
While an unrestrained single lamina would experience thermal strain it would not 
experience a thermal stress at the macromechanical level. However, in order to find 
the residual stress due to constraint of a lamina it is necessary to find the mechanical 
force that would produce an equivalent strain to the strain caused by such a change 
in temperature. While the thermal strain that would be experienced by such a lamina 
is real, the equivalent mechanical force that yields such strains is not and as a result 
these equivalent mechanical forces are called ‘fictitious forces’.  
 
Thus the fictitious thermal forces of a laminate can be calculated from Equation 139, 
and the fictitious thermal moments are found using Equation 140. 
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Equation 140 
 
These fictitious thermal forces can be used to find the real thermal strains and 
curvatures using Equation 141 and Equation 142. 
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Equation 141 
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Equation 142 
 
As all of the layups used in this project were balanced and symmetric the B matrix 
was a null matrix for all the materials as they were manufactured. The next step is to 
then subtract the free strain of a lamina from the thermal strain of the laminate (found 
from Equation 141).  
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Equation 143 
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This yields the residual strain within any given ply of the laminate and can be used to 
predict the failure load of a lamina and therefore the failure load of a laminate. The 
minimum values predicted by CLA in conjunction with the Tsai Hill criteria and these 
values are shown in Figure 111 and Figure 112. 
 
 
Figure 111:  Strengths predicted by the micro-mechanical crimp approach and CLA 
came from the use of the Tsai-Hill criteria. These predictions are for the thin 
specimens and are shown against experimental results 
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Figure 112:  Strengths predicted by CLA came from the use of the Tsai-Hill criteria 
for the thick specimens. These predictions are shown against experimental results. 
 
5.2.2.8.1 Problems with residual stress analysis using CLA 
 
One of the first problems with using CLA to predict failure is the difference in 
predicted strengths from the different failure criteria. For example; Figure 113 shows 
the predicted Ultimate Tensile Strengths of the materials taking into account thermal 
strain at the macromechanical level. As can be seen from Figure 113, the maximum 
strain criteria for failure would actually predict an increase in strength with increasing 
cure temperature. This clearly does not agree with experimental results. 
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Figure 113: Predicted UTS of materials taking into account macromechanical 
thermal strain using the maximum strain criteria 
 
Further, the values predicted for strength can vary by almost 100% depending on the 
criteria used. As can be seen in Table 33, the Tsai-Hill criteria always gives the 
lowest prediction of strength and is also the most sensitive to cure temperature. On 
the other hand, the Maximum stress criteria does not predict any change in failure 
stress due to cure temperature while the Maximum Strain criteria predicts an 
increase in strength with increasing cure temperature. The Tsai-Wu failure criteria 
predicts a drop in strength due to increasing cure temperature but universally 
overestimates the strength of the materials when used in this manner. 
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Table 33: Predicted strengths of materials according to different macromechanical 
failure criteria. 
 
The residual stresses that arise in composites are a result of plies of different 
orientation having different CTEs along a given direction. Thus if a laminate were 
composed purely of lamina all oriented in the same direction there would be no 
residual stress in the laminate. The residual stresses calculated here are based on 
the mutual restraint of the longitudinal and transverse plies. However, we know that 
that resin rich regions in the plies transverse to a load experience extensive 
microcracking and thus the layer can be considered to have failed. If this were the 
case CLA would require the strength of the composite to be calculated as though the 
transverse plies provided no reinforcement to the laminate. This would result in there 
being no residual stress in the longitudinal plies as the transverse plies are unable to 
restrain the longitudinal plies as they have failed. As a result of the lack of residual 
stress and the minimal reinforcement that would have been provided by the 
transverse plies to the aligned plies, the composite is predicted to actually become 
stronger by CLA. If this were the case the 1350 and 1800 samples, with their 
effectively failed transverse plies, should be stronger than the 900 cure samples. This 
is clearly not the case so it is necessary to evaluate what is happening at a finer 
scale. 
 
That the samples cured at higher temperatures are less strong than those cured at 
900 indicates that thermally induced residual stress is both present and significant. 
Material Maximum Stress  Maximum Strain Tsai‐Hill Tsai Wu
MPa MPa MPa MPa
3D thick RTM‐6 734 807 434 776
3D thick MVr‐444 180 794 806 520 850
3D thick MVR‐444 135 794 804 613 897
3D thick MVR‐444 90 794 802 685 916
3D thin RTM‐6 180 1051 1107 611 1080
3D thin MVR‐444 180 1091 1106 725 1175
3D thin MVR‐444 135 1091 1103 848 1235
3D thin MVR‐444 90 1091 1101 943 1259
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However, evaluating the samples at a macro-scale and/or meso-scale does not 
provide a sufficient explanation for the experimentally observed properties of these 
materials. In order to understand its effect it is necessary to go back to the micro-
scale and evaluate the effect of residual stress at this level. 
 
 
Figure 114: Transverse section through one of the thick 3D woven composite with 
MVR-444 matrix. The red rectangle encompasses the area where maximum crimp, 
and therefore failure, is likely to occur. As can be seen from the image there are no 
transverse fibres (transverse tows are bounded by blue lines) above or below this 
region to constrain it. Microcracks are highlighted with purple ovals17. 
 
                                            
17 The term ‘microcracks’ is used in this document to describe cracks observed in the resin rich 
regions between fibre tows. The term reflects the scale of these cracks, which are typically within the 
micrometer scale. While the presence of such microcracks appears detrimental to performance, 
samples exhibiting them maintain much of their load carrying ability. Consequently they may be 
considered to be ‘sub-critical’.   
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Given that the region of tow failure is bounded by resin (which is damaged/failed in 
the higher cure temperature samples) rather than transverse tows it will be assumed 
that the transverse expansion and contraction of the tows is unconstrained in these 
regions. However, along the direction of the fibres the matrix will be constrained by 
the carbon fibres. Based on this it is possible to calculate the residual stress in the 
resin by subtracting the thermal strain that would be experienced by the resin if it 
were unconstrained from the strain the resin actually experiences due to constraint 
by the carbon fibres. 
 
The strength model derived earlier requires knowledge of the shear strength, or 
residual shear strength, of the resin. The residual tensile stress is used to find the 
residual shear stress which can be subtracted from the shear strength of resin. From 
there, new values for θt can be found and the strengths of a lamina of the materials 
can then be calculated using these new values for shear strength and θt. 
 
Material 
Cure 
temperature  UTS 
Residual 
thermal stress 
Remaining 
shear 
strength 
0C  MPa  MPa  MPa 
RTM‐6 thick  180  1568  21.39  59.31 
MVR‐444 
thick  180  1579  19.94  60.03 
MVR‐444 
thick  135  1621  14.33  62.83 
MVR‐444 
thick  90  1661  8.72  65.64 
RTM‐6 thin  180  1749  21.39  59.31 
MVR‐444 
thin  180  1761  19.94  60.03 
MVR‐444 
thin  135  1804  14.33  62.83 
MVR‐444 
thin  90  1846  8.72  65.64 
Table 34: The Ultimate Tensile Strength of individual layers of the various materials 
is recalculated based on the remaining shear strength of the matrix as well as the 
change in θt due to this residual stress 
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Using these new longitudinal ply strengths it is possible to calculate what the 
strengths of the laminates will be with residual stress accounted for at the 
micromechanical level. As can be seen from Table 36, the change in predicted UTS 
when only micromechanical residual stress is considered is significantly smaller than 
that observed during experiments, especially for the thin specimens. 
 
Material  Cure 
temperature 
Maximum 
stress 
Maximum 
Strain 
Tsai 
Wu 
Tsai 
Hill 
0C  MPa  MPa  MPa  MPa 
RTM‐6 thick  180  724  728  825  687 
MVR‐444 thick  180  753  752  845  752 
MVR‐444 thick  135  753  749  821  752 
MVR‐444 thick  90  767  771  845  752 
RTM‐6 thin  180  999  1005  1139  947 
MVR‐444 thin  180  1006  1011  1134  993 
MVR‐444 thin  135  1031  1036  1164  994 
MVR‐444 thin  90  1055  1060  1193  1012 
Table 35: Predicted UTS accounting for micromechanical thermal stress 
 
Material  Cure 
temperature 
Maximum 
stress  
Maximum 
Strain  
Tsai 
Wu  
Tsai 
Hill  
0C  MPa  MPa  MPa  MPa 
RTM‐6 thick  180  724  736  726  410 
MVR‐444 
thick  180  729  740  790  490 
MVR‐444 
thick  135  748  758  848  586 
MVR‐444 
thick  90  767  767  885  665 
RTM‐6 thin  180  999  1014  1013  578 
MVR‐444 
thin  180  1006  1020  1096  684 
MVR‐444 
thin  135  1031  1042  1096  812 
MVR‐444 
thin  90  1055  1064  1217  917 
Table 36: Predicted UTS accounting for micromechanical and macromechanical 
thermal stress 
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5.2.2.9 Micromechanics and Fibre misorientation: A new strain based approach 
to predicting the strength of 3D woven composites  
 
The previous section presented a method of predicting the longitudinal strength of an 
equivalent ply within a 3D woven composite. The predicted values could then be 
used to predict the strength of the laminate as a whole. The criterion for failure was 
based on a critical value of stress based on the strength of the fibres, the range of 
crimp and the shear strength of the resin. 
 
This section will present an alternative method to predicting failure of an equivalent 
lamina within a 3D woven composite based on a critical fibre strain applied to the 
regions of maximum crimp leading to global failure. Like the approach described in 
the previous section, this method does rely on the assumption that the matrix can 
sustain shear loads greater than the shear strength of the matrix as a single 
component. However, it does not require knowledge of the shear strength of the 
resin, only the failure strain of the fibres and the extent of fibre misalignment in the 
region of maximum crimp are required. 
 
 The moduli and strength for neat HTS40 fibres used is provided by the manufacturer 
(76) as 240GPa and 4300Mpa respectively. As the fibres are brittle it is trivial to find 
the failure strain of the fibres as being 1.79%. 
 
If we define failure to occur in a lamina of composite to occur when the failure strain 
of the fibres is reached at any point in the composite then it is possible to generate a 
value for the strength of the composite. The new stiffness model presented earlier 
describes how the stiffness of the fibre tows varies along their length. The regions 
with the most crimp/fibre misorientation are the least stiff regions of the fibre tows. 
Taking an Isostress assumption along the length of the tows it is apparent that the 
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strain will also vary along the tow with the regions of maximum crimp experiencing 
the most strain due to these regions having the lowest stiffness. 
Having found the extent of fibre orientation using model for stiffness described earlier 
it is simple to find the longitudinal strength of an equivalent ply. The predicted 
longitudinal equivalent lamina strength are shown in Table 37 
 
 
Table 37: Predicted stiffness and strength for a single lamina along its principal 
direction 
 
These values for lamina strength can now be used with CLA to predict the strength 
of the various 3D woven composites. The predicted laminate strengths are shown 
against the experimental results in Table 38. 
 
 
Table 38: Experimentally derived UTS compared with predicted UTS using a varity of 
macromechanics failure criteria 
 
Material Stiffness of most crimped region of tow Predicted lamina strength
GPa MPa
3D woven thin (2.5mm) 123 2199
3D woven thick (5mm) 113 2026
Material UTS (experimental) Tsai Hill Maximum Stress Maximum Strain Tsai Wu
MPa MPa MPa MPa MPa
MVR thin 90 initial 758 759 749 747
MVR thin 90 final 1041 1057 1257 1267 1443
MVR thin 135 inital 607 608 596 593
MVR thin 135 final 887 943 1257 1269 1402
MVR thin 180 inital 456 457 442 439
MVR thin 180 final 820 798 1257 1272 1317
RTM-6 thin initial 333 267 1287 983
RTM-6 thin final 775 662 724 955 861
MVR thick 90 initial 575 575 570 568
MVR thick 90 final 753 779 935 943 1072
MVR thick 135 intial 464 464 458 456
MVR thick 135 final 655 691 935 946 1036
MVR thick 180 initial 353 354 345 344
MVR thick 180 final 686 579 935 948 966
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From the results it appears that the Tsai-Hill macromechanical failure criteria used 
together with the micromechanical strain limited strength model for the composites 
delivers the most accurate predictions. Figure 115 illustrates the absolute difference 
between the experimental results against predicted strength using the Author’s strain 
limited micromechanics model in conjunction with the Tsai-Hill macromechanical 
failure criteria. The difference between the experimental results and the strain limited 
micromechanics criterion combined with the Tsai-Hill macromechanics criterion is 
shown in Table 39. 
 
Figure 115: UTS from Experimental results and predictions from this author’s strain 
limited model used with the Tsai-Hill macro-mechanical failure criteria 
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Table 39: The difference between experimental result and predictions from the strain 
limited micromechanics model used in conjunction with the Tsai-Hill 
macromechanics model 
 
5.2.2.10 Comparison with other types of fibre reinforced composites 
 
The 3D woven composites tested provide an alternative type of composite 
architecture to NCFs, UD prepregs and 2D woven materials. The 3D woven 
materials used hear are most comparable to NCFs as the both contain detrimental 
degrees of crimp (although significantly less crimp than 2D woven fabrics) and can 
be manufactured using liquid resin techniques (as opposed to prepregs). 
Comparison of the Ultimate Tensile Strengths of the 3D woven composites with NCF 
materials reveals that the 3D woven materials are far superior (Figure 116). The thin 
3D woven materials were found to be stronger than the thick 3D woven materials.  
Material Difference between experimental and predicted strength
Percent
MVR thick 90 1.54
MVR thick 135 6.34
MVR thick 180 -2.65
RTM-6 thin -14.53
MVR thin 90 3.42
MVR thin 135 5.50
MVR thin 180 -15.55
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Figure 116: Experimentally determined values for Ultimate Tensile Strengths of the 
3D woven materials against NCF based composites. In addition, results for a 3D 
woven S-glass composite with an RTM-6 matrix are shown. 
  
Comparison of the moduli of the 3D woven materials with NCFs is also favourable to 
the 3D woven materials (Figure 117). It is worth noting that the difference in stiffness 
between the thick and thin specimens is very small, especially when the difference 
between the relative strengths of these materials is used as a basis for comparison. 
 
 
885
820 775 805
629
753
655 686
564
491 522
140
0
100
200
300
400
500
600
700
800
900
1000
U
lt
im
at
e T
en
si
le
 St
re
ng
th
 (U
TS
) / 
(M
Pa
)
3D MVR 135 
3D MVR 180 
3D RTM 6 
3D RTM 6 Thick
3D MVR 444 90 Post 
Cure
3D MVR 90 Thick
3D MVR 135 Thick
3D MVR 180 Thick
0 90 NCF RTM6
0 90 NCF MVR 
3D S‐glass (RTM‐6)
45 NCF RTM6 
 224 
 
 
Figure 117: Experimentally determined values for Young’s Moduli (in GPa) of the 3D 
woven materials against NCF based composites. In addition, results for a 3D woven 
S-glass composite with an RTM-6 
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5.3 Tensile Testing: Conclusions 
 
A range of thick and thin 3D woven composites were fabricated and tested. In 
addition, NCF samples (using the same resins for their matrices) were fabricated and 
tested for comparison. The results from these experiments clearly show the superior 
tensile strength and stiffness of the 3D woven composites. 
 
Due to the integrated architecture of 3D woven composites it is not possible to 
determine the data for the individual layers of the laminate experimentally. As a 
result, a range of micromechanical approaches were used to predict the in-plane 
properties of an ‘equivalent ply’ within the 3D woven composite. These predictions 
for ply properties were then used in conjunctions with Classical Laminate Analysis 
(CLA) to predict the performance of the 3D woven laminates as a whole. Predictions 
from CLA and current micro-mechanics models were far higher than experimentally 
observed 
 
While there are a variety of models for predicting the stiffness of 3D woven 
composites this author decided to pursue the development of a new approach. This 
new approach is based on the assumption that fibres within the tows of the 
composites exhibit in-plane crimp. Further it is assumed that the fibre crimp varies 
both along and transverse to the tow path (in contrast to current models that assume 
constant crimp across a tow). The effect of this crimp was evaluated by integration of 
the identities for the stiffness of lamina loaded off its principal axis. While the model 
delivered very close value to the moduli of the thick 3D woven samples it significantly 
over-predicted the moduli of the tin 3D woven samples. This is likely due to out-of-
plane crimp, which has not yet been accounted for. Clearly this is an area for further 
investigation. 
 
In addition to the new stiffness model, two new methods for predicting the strength of 
individual layers within 3D woven composites were proposed. The output of these 
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models was then used to predict the strength of the 3D woven laminates as a whole. 
The first method presented is based on the shear strength of the matrix limiting the 
load bearing ability of misaligned fibres.. The second criterion assumes that failure is 
determined by the failure strain of the carbon fibres and that the regions of maximum 
crimp are less stiff, and as a result are the sites of failure initiation. The predictions 
from the shear limited model under predict the strength of all the 3D woven materials 
used when combined with the Tsai-Hill criteria. Further the model rests on a large 
number of assumptions. Some of the assumptions for said model conflict with those 
for CLA thus making their simultaneous use very questionable. The second model 
appears both simpler and more accurate (when combined with the Tsai-Hill criteria 
for finding macroscopic behaviour) and it is this author’s opinion that the strain 
limited model is likely to stand up to scrutiny better than the shear limited model. 
Thus the relative simplicity of the strain limited model wins out under Occam’s razor, 
the adage that “entities must not be multiplied beyond necessity”. I.e. the fibre strain 
limited model makes fewer assumptions and introduces less variables while still 
answering the question so is more likely correct.  
 
However, the fibre strain limited model assumes failure is a result of fibre rupture and 
does not account for the interaction between shear and normal forces. As the fibres 
within the tows are crimped shear forces will always arise, even if the tows 
themselves are perfectly aligned to the load. Non-interactive criteria (e.g. maximum 
stress, maximum strain) are highly deficient at the macromechanical level for 3D 
woven composites, as demonstrated by their failure to explain the effect of cure 
temperature on the materials. Therefore it would seem prudent to question the scope 
of application of a non-interactive micro-mechanical criterion.
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6 Impact and Compression After Impact (CAI) 
 
6.1 Introduction 
 
Carbon fibre composites are finding increased application in the Aviation industry 
due to their high specific properties; particularly their specific strength and stiffness. 
However, the further implementation of these composites is impeded by their poor 
response to impact events such as dropped tools or impacts from debris.  
 
Laminated composites respond very differently to impact loads than metals. Low to 
intermediate impact energies are absorbed by metals through elastic and plastic 
deformation. While an impact may result in plastic deformation in a metal this is 
unlikely to lead to much loss in strength or, perhaps more importantly, stiffness. 
However, laminated carbon fibre composites are highly limited in their ability to 
deform plastically. The poor out-of-plane and interlaminar strength of these 
composites can lead to large areas of damage from impact events. Such damage is 
largely characterised by the formation of delaminations within the laminate. This 
damage can cause large drops in both strength and stiffness in laminated 
composites. 
 
The purpose of this section is to evaluate whether the out-of-plane reinforcement of 
3D woven composites can lead to improved resistance to impact damage relative to 
2D laminates made of NCFs and prepregs.  
 
6.2 Materials 
 
Three different types of carbon fibre fabric were used to make test specimens; 
orthogonal 3D woven, NCFs and prepregs. The 3D woven samples had a nominal 
thickness of 5mm. The NCF and prepreg samples were made to be as close to 5mm 
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as possible while using a quasi-isotropic lay-up scheme used by Airbus. RTM-6 
epoxy resin was used to make panels with NCF and 3D reinforcement. The RTM-6 
infused panels were cured at 1800. 
 
6.2.1 Orthogonal 3D woven 
The 3D woven carbon material used has been described earlier in this document 
and once again consisted of the following fibres: 
 
Warp yarns:        Toho Tenax-E  HTS40 F13, 12K  800tex 
Fill yarns:             Toho Tenax-E  HTA40 E13,   6K  400tex  
Z-yarns:                Toho Tenax-J  HTA40 H15,   1K    67tex 
 
All the samples used for Impact and CAI were ‘thick’ samples containing six warp 
and seven weft layers. 
 
6.2.2 NCF 
The NCF material applied in this research work is the MMR series of high strength 
carbon fabrics from SAERTEX. Each ply of NCF material contains two layers of 12K 
fibre tows in two perpendicular directions, +45/-45 or 90/0, with a nominal ply 
thickness of roughly 0.5mm. The lay-up of the NCF panels was [45/-45/0/90/90/0/-
45/45/-45/45/90/0]s 
 
6.2.3 Prepreg 
 
The prepreg used was MTM44-1 from the Advanced Composite Group. Individual 
plies of this prepreg have a thickness of 0.125mm. In order to provide a comparable 
lay-up and thickness to the NCF and 3D woven panels the number of plies was 48 
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with the following stacking sequence: [[+45/-45/0/90/90/0/-45/+45/-45/+45/90/0]s]s. 
The layup sequence is identical to that of the NCF but due to the prepreg plies’ 
thickness the number of layers is double that of the NCF and the layup essentially 
consists of two quasi-isotropic balanced symmetric layups put together. The 
properties of an individual ply are supplied by ACG and can be seen in Table 40 
(77). 
 
Property E11 (GPa) E22 (GPa) G12 (GPa) 12 
Value 128 8.5 3.4 0.3 
Table 40: Mechanical properties of an individual ply of MTM44-1 
 
The ABD matrix for the laminate was calculated using CLA to provide more detailed 
insight into the properties of the panel (Figure 118). 
325.044 105.009 -15.1399 0 0 0
105.009 325.044 -15.1399 0 0 0
-15.1399 -15.1399 110.017 0 0 0
0 0 0 970.476 320.627 -11.9069
0 0 0 320.627 968.583 -11.9069
0 0 0 -11.9069 -11.9069 335.653  
Figure 118; ABD matrix for CAI prepreg layup made with MTM44-1 (in GPa) 
 
Using the properties shown in Figure 118 and the layup of the prepreg panel it is 
possible to calculate both the in-plane and flexural properties of the laminate using 
CLA (Table 41). 
Exx Eyy Gxy Poisson's ratio (xy) Poisson's ratio (yx)
GPa GPa Gpa
Membrane 48.3597 48.3597 18.1586 0.318694 0.318694
Flexural 48.0084 47.9147 18.6352 0.330735 0.33009  
Table 41: In-plane and flexural properties of the prepreg laminate used for CAI 
testing 
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6.3 Testing 
6.3.1 C­scanning 
 
C-scanning of the panels was performed before the cutting and testing of individual 
samples to check for defects. Representative C-scans of one panel of each type (a 
total of fifteen panels were produced from which CAI sample were made) are shown 
in Figure 119, Figure 120 and Figure 121. The samples appeared to be defect free. 
The circular anomaly that appears on the top left corner of Figure 120 is from a coin 
placed there to aid in determining the orientation of the panels because (depending 
on the order of coordinates entered for the machine to scan between) the resulting 
image can appear upside-down or as a mirror image. The diagonal ‘streak’ in Figure 
120 is due to a stray fibre bundle on the surface of the panel and should not affect 
the behaviour of the panel. In addition, the individual CAI samples were c-scanned 
after being impacted and before compression testing 
 
 
 
Figure 119; Prepreg panel for CAI 
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6.3.2 Sample Fabrication 
CAI samples were cut using a diamond coated wet saw. The specimen size was 
100x153mm. This sample size is a slight divergence from the 100x150mm (specified 
by the Airbus test method; AITM 1-0010). This was done to avoid the clearance 
Figure 121; 3D woven panel infused
with RTM-6 for CAI 
Figure 120; NCF panel infused with RTM-6 for CAI specimens 
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issue within the CAI testing rig. The sample dimensions and the measuring point for 
thickness and width can be seen in Figure 122. 
 
Figure 122; CAI sample dimensions and measuring points 
 
6.3.3 Impact Testing 
 
The test method used specifies a range of impact energies to be applied to the 
samples. However the range of impact energies to be used is dependent on the 
response of the materials to a 50J impact. The test method also specifies a minimum 
drop height (greater than 0.5m) and impact speed that should not be exceeded (less 
than 15m/s). As a result of these requirements a 5Kg impactor mass was used for 
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the 50J impact. The test method specified that if the dent depth resultant of a 50J 
impact were less than 1mm the range of impact energies should be; 20J, 25J, 40J, 
60J, 70J and three specimens should be tested at 30J. If the dent depth from the 50J 
impact is greater than 1mm the impact energies should be; 10J, 15J, 20J, 25J, 40J 
and a further three specimens impacted at 30J. In addition, three samples should be 
subjected to impacts at an energy, E1mm, defined as the energy predicted to cause a 
1mm dent by interpolation of the impact energy vs dent depth results.  
 
 
Figure 123: Impact energy vs dent depth. As per the Airbus Standard Test Method 
AITM 1-0010) Linear interpolation of the results is used to predict  the impact energy 
(E1mm) that will create a 1mm deep dent 
 
The E1mm energies predicted by linear interpolation of the results were 36J, 53J and 
64J for the 3D woven, NCF and prepreg samples respectively. 
 
From these results and the test method specifications, the range of impact energies 
for the 3D woven samples was; 10J, 15J, 20J, 25J, 30J, 36J and 40J. Due to the 
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requirements regarding minimum drop height it was necessary to use a lighter mass 
impactor for the 10J, 15J and 20J impacts. For these energies a drop weight with a 
mass of 2.58Kg was used rather than the 5Kg mass used for all other impact 
energies. 
 
The range of impact energies for the NCF panels was; 20J, 25J, 30J, 40J,50J, 53J, 
60J and 70J. The range of impact energies for the prepreg panels was; 20J, 25J, 
30J, 40J, 50J, 60J, 64J and 70J. 
 
6.3.4 Dent depth and damage 
 
After samples were impacted the depth of the dent in the panel was measured using 
a depth micrometer. As all the depth micrometers available were flat faced it was 
necessary to use a small ball bearing to determine the depth of the dent. The depth 
micrometer was used to measure the distance from the parallel true bars used as 
support and the top of the ball bearing near the edge of the panel to provide a 
baseline distance between the depth micrometer and the panel and ball bearing. The 
ball bearing was then placed in the dent and the distance between the ball bearing 
and true bars was measured again (Figure 124). The difference between the two 
was taken as the dent depth.  These measurements were done within thirty minutes 
of the impact event.  
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6.3.5 Compression testing of impacted samples 
 
An Instron 5584 testing machine was used to perform the tests in conjunction with 
Bluehill software. A CAI test fixture with adjustable panel guides/restraints designed 
to resist out-of-plane buckling of the panels was used to do the compression test.  
 
Figure 124; A flat faced depth
micrometer was used in conjunction
with a ball bearing to determine the
dent depth within thirty minutes of the
impact event 
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The top piece of the test rig is separate to the rest of the test rig and is used to apply 
the compressive load by transmitting the load from the test machines’ load platen to 
the sample (Figure 125).  
 
Figure 126; Set-up for compression testing with cameras for Digital Image 
Correlation 
The top piece 
of the 
compression 
fixture is 
separate to 
the rest of the 
ji
Loading platen 
attached to loadcell 
Figure 125; CAI test rig with guides for panel edges
to resist panel buckling. 
Adjustable panel 
restraints/guides 
to resist buckling 
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6.4 Results and Discussion 
 
6.4.1 Dent Depth and Energy Absorbed 
 
The energy absorbed by the samples was calculated by subtracting the kinetic 
energy of the impactor after impact from its kinetic energy just before impact. It was 
assumed that the difference in this energy is equal to the energy absorbed by the 
panel. In order to find the kinetic energy of the impactor immediately before and after 
impact it was necessary to find the speed of the impactor immediately prior and 
subsequent to impact.  
 
 
Figure 127; Photo of drop rig and impactor with 'zebra' patterned strip for triggering 
data acquisition and impactor speed 
Release 
mechanism 
Impactor head 
‘Zebra’ pattern 
strip to provide 
trigger signal with 
LDR 
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In order to do this the impactor had a strip with an alternating black and white ‘zebra’ 
pattern strip attached to it. Also, a LDR was connected to the datalogger/storage 
oscilloscope such that a voltage would be provided depending on the intensity of 
incident light. As the ‘zebra’ strip passes by the LDR a voltage is put out that is 
dependent on the intensity of light reflected off the ‘zebra’ strip. As the distance 
between the stripes on the ‘zebra’ strip is known, and the time taken for a stripe to 
pass by the LDR could be found from the time vs trigger voltage graph (Figure 128), 
it is possible to calculate the pre- and post-impact velocity of the impactor 
 
 
Figure 128; Graph showing trigger voltage and load vs time history. The time 
between the trigger voltage peaks is used to calculate the pre- and post-impact 
speed of the impactor 
 
The impact force on the sample was obtained from a piezoelectric force transducer 
to which the impactor head was attached. The transducer was connected to a digital 
storage oscilloscope that would start recording when a trigger signal was received 
from the LDR.  
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The effect of impact energy on dent depth can be seen in Figure 129. It is 
immediately apparent that for a given impact energy the resultant dent depth is 
greatest for the 3D woven samples with the prepreg samples showing the greatest 
resistance to indentation. The NCFs exhibit dent resistance from impact between 
that of the prepregs and the 3D woven samples appear to be closer in behaviour to 
the prepregs. 
 
 
Figure 129: Impact energy vs dent depth 
 
Comparing the energy absorbed against the impact energy (Figure 130) reveals that 
the 3D woven samples absorb less energy than the NCF and prepreg samples. It is 
conceivable that as less energy is absorbed by the 3D woven samples less damage 
may occur as the formation of damage is a major mechanism in energy absorption. 
 
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2
0 20 40 60 80
D
en
t D
ep
th
 (m
m
)
Impact energy (Joules)
3D woven 
(RTM‐6 
matrix)
NCFs
Prepregs
 240 
 
 
Figure 130: Impact energy vs Energy absorbed 
 
6.4.2 Impact Force 
 
For a given impactor mass, the lowest energy impact produced the lowest peak 
force. However, the 3D woven samples were impacted by a lower weight for the 10, 
15 and 20 Joule impact energy events. The impacts with the lighter impactor 
produced markedly higher peak impact forces with shorter durations (Figure 131).  
 
It was slightly surprising to find that the highest energy impacts did not produce the 
highest peak forces. The peak forces experienced by the samples appeared to occur 
at intermediate impact energies (20J for the 3D woven samples, 52.6J for the NCFs 
and 40J for the prepregs). This can be seen in Figure 131, Figure 132 and Figure 
133. 
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Figure 131: Force vs time for 3D woven samples. 10J, 15J and 10J impacts used a 
2.58Kg impactor mass while all other impacts sued a 5Kg impactor mass 
 
 
Figure 132: Force vs time for NCF samples 
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Figure 133: Force vs time for prepreg samples 
 
6.4.3 Impact energy vs damaged regions 
 
The samples were C-scanned after impact in order to evaluate the damage pattern 
and size using the immersion C-scanner described in Section 4.2  using the MIDAS 
software package. The c-scans for some of the 3D woven samples are shown in 
Figure 134. It is apparent (and unsurprising) that there appears to be a general trend 
of the damaged region of the samples increasing in size with the impact energy. 
 243 
 
 
Figure 134: C-scans of 3D woven samples to evaluate damage after impact. All CAI 
panels (such as these) are 150x100mm in size . 
 
C-scans of some of the prepreg and NCF samples after impact are shown in Figure 
135. Upon comparing the size of the damaged regions in Figure 134 and Figure 135 
it is apparent that the width of damage for a given impact energy is considerably less 
for the 3D woven samples when compared with the prepreg or NCF samples. 
 
The geometry of the damaged regions for the different materials also differs. While 
the 3D woven samples appear to exhibit an approximately round damaged region 
the shape of the damaged regions of the NCFs and the prepregs appears roughly 
circular at lower energies but appears more irregular as the energy increases. At 
intermediate energy impacts (40-52.6 Joules) the appearance of the ‘butterfly wing’ 
shaped damaged regions transverse to the fibre directions that are described in 
many books and Journals may be discernable. However the definition of such a 
‘butterfly wing’ appearance is subjective and open to interpretation by an observer. 
At the higher energy impacts the damage appears to be characterised by two 
ellipses tangential to each other propagating along the +/-450 directions.  
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Figure 135: C-scans of some NCF and prepreg samples after impact 
 
As the geometry of the damaged regions varies between samples it isn’t possible to 
calculate the size of the damaged area from the maximum width of the damaged 
area. However, it would seem sensible to determine the relationship between the 
dent depth as well as the damaged area size and width. To do this we can take an 
assumption that the size of the damaged region is proportional to the square of the 
damage width. Doing so allows us to produce Figure 136 which shows dent depth 
against damage width and an approximation of damaged area. 
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Figure 136: Dent depth against the width of the damaged area and against the width 
of the damaged area2 
 
Finding a linear line of best fit with the ‘least ‘squares’ method and comparing the 
coefficients of determination (R2) for the lines for the dent depth vs damage width or 
vs damage area indicates that the there is a better linear correlation between the 
damage area vs dent depth than for the damage area vs the dent width. This can be 
seen in Table 42 where one can see that the values of R2 are closer to one for the 
dent depth vs the damaged area than for the dent depth vs the damage width. 
 
Dent depth vs  R2  Power Law exponent 
Damage width (3D woven)  0.92  0.33
Damage area (3D woven)  0.94  0.67
Damage width (NCF)  0.83  0.53
Damage area (NCF)  0.89  1.05
Damage width (prepreg)  0.97  0.48
Damage area (prepreg) 0.98  0.96
Table 42: Coefficient of determination (R2) values and exponent values for the dent 
depth vs the damage width or vs the damaged area 
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In addition it is possible to find the curve of best fit for the data using a power law 
relationship and the least squares method. In this case we would take the damaged 
area (Adamaged) to be a simple power law of power ‘n’ of the dent depth ‘d’, and a 
constant of proportionality (C) for the sample type: 
 
࡭ࢊࢇ࢓ࢇࢍࢋࢊ ൌ ࡯ࢊ࢔  Equation 144 
 
The values of the exponent of the base are shown in Table 42. For the NCFs and the 
prepregs the exponent has a value close to one for the dent depth vs the damage 
width indicating that this relationship is very close to, if not, linear. As one would 
expect given a linear relationship between dent depth and damage area for the 
NCFs and prepregs, the relationship between dent depth and damage width is an 
inverse square one for these samples. An exponential relationship18 between dent 
depth and impact energy has been posited before (78). However the description of 
the exponential relationship was limited to the article describing the “indent depth vs 
impact energy curve has an exponential form (78) and there is no mention of 
whether other types of relationships (e.g. a power law relationship) were 
investigated. For the samples used in this work there was greater confidence in a 
power law relationship between dent depth vs damage width/area than in an 
exponential, linear, logarithmic or polynomial relationship as determined by the 
coefficients of determination for these methods. 
 
The exponent of the base for the 3D woven samples is distinctly different from that of 
the NCFs and prepregs. With the relationship between dent depth vs damage width 
or damaged area taking the form of d1/3 and d2/3 respectively. This would appear to 
indicate that the dent depth is proportional to a damage volume rather than area. If 
this were the case it would help explain why the 3D woven samples exhibit a much 
smaller region of damage. Further, It may indicate that the damage (ergo energy 
absorption) in these 3D woven samples is significant both in-plane and out-of-plane.  
                                            
18 NB the relationship was described specifically as exponential, as opposed to the simple power law 
posited herein 
 247 
 
 
6.4.4 Compression After Impact Strength 
 
As would be expected, the CAI strength of the samples decreased with increasing 
impact energy. Due to the lower mass used for the 10J, 15J and 20J impact energies 
used for the 3D woven samples it is not realsitic to make a direct comparison of the 
CAI strength of the 3D woven samples vs the NCF or prepreg samples at these 
energies. In the impact events for 25J and above the 3D woven samples have 
sgnificantl hgiher CAI strengths than the NCF samples. The CAI strengths for the 
prepregs and the 3D woven samples are quite close for the 25J and above impact 
energies (Figure 137).  
 
 
Figure 137: The impact energy vs CAI strength for the 3D woven, prepreg and NCF 
materials 
 
The 3D woven samples appear to outperform the prepregs at the lower range of 
impact energies and underperform the prepregs at the higher energies. However, the 
3D woven samples were significantly thinner than the prepregs with the result that 
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the impacts would be reisisted by less material in the 3D woven samples which 
would also have been significantly less stiff in flexure than the prepreg samples. In 
addition, the lay-ups of the prepreg and 3D woven samples were very diferent as the 
3D sample contained no +/- 450 layers. It has been shown that the presence of +/-
450 plies, especially when on the surface of the samples, significantly improves 
(79)(80)(81) impact resistance and residual strength. It has also been claimed that 
increasing the flexural stiffness of the a sample will increase its impact 
resistance(81)(82). It has also been shown that by increasing the number of ply to 
ply interfaces (i.e. increasing the number of layers by using thinner plies) it is 
possible to decrease the damaged area on an an impacted sample (83). The 
prepreg samples had 46 of said interfaces while the 3D woven samples only had 
11.On the basis of this literature one would expect a composite laminate equivalent 
to the 3D samples, but without the out-of-plane reinforcement, to have significantly 
poorer impact resistance and CAI properties than the prepreg samples. But this is 
not the case, which would indicate that the out-of-plane fibres provide significant 
improvements in damage resistance and residual strength of laminated carbon fibre 
composites. 
 
A variety of methods to predict the effect on CAI performance have been propsed. 
The methods put forward model the damaged region of the samples as hole of 
equivalent size (84)(85)(86) or a soft inclusion(87)(88)(89). Hawyes et al (85) used 
the method described in (90) to predict the residual strength for a range of layups of 
autoclaved UD prepreg laminates with a hole in them (Figure 138) .  
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Figure 138: Residual compressive strength vs width of hole/sample width (85) 
 
The materials and lay-ups tested exhibited a significant drop in strength with increasing 
damage/width ratio. The tests used a variety of layups and prepreg systems and while there 
was a slight difference in the drop in relative strength this difference is largely manifested for 
small hole size/width ratios with the difference in strength loss converging for greater hole 
size/width ratios. Thus we might expect that slope of the CAI strength vs the percentage of 
damage width to be similar for the materials in relation to the undamaged strength of the 
sample. The implication of this would be that for a given range of damage width/sample 
width, the greater the gradient, the greater the undamaged compressive strength of the 
material. This appears to hold true for the prepregs samples vs the NCF samples, where the 
slope of CAI strength vs damaged area ratio is steeper than that of the NCFs, as we’d expect 
given the superior compressive strength of UD prepregs vs NCFs. However, the slope of the 
3D woven samples appears significantly steeper than either the NCFs or prepregs (Figure 
139). If the modelling approach of treating a damaged region as an equivalent open hole 
were true for 3D woven composites the implication would be that the 3D woven samples 
must have significantly better undamaged compressive strength than the prepreg material. 
Given that the prepreg samples were quasi-isotropic in layup, as opposed to the angle-ply 
layup of the 3D woven samples, this seems plausible.  
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Figure 139: CAI strength (normalized for undamaged width) vs percentage of 
damaged width with line of best fit from linear least squares method 
 
However, if we were to assume an approximately linear trend of CAI strength vs 
percentage of damage width and extrapolate the results it would seem that the 3D 
woven material would have no strength when the entire width of the cross section 
was damaged while the NCF and prepreg samples would retain much more strength. 
If we assume a linear relationship and extrapolate the line of best fit  (using the least 
squares method again) to 100% of the cross section being damaged we’d obtain a 
CAI strength of 116MPa and 156 MPa respectively. On the other hand the 3D woven 
sample would appear to lose all CAI strength at a damage width of 96%, which is 
obviously wrong. However, the CAI result for the 3D woven sample subjected to the 
36J impact may be anomalous and if this were the case then the predicted CAI 
strength would be 46MPa at 100% damage width.  
 
While the assumption of CAI vs proportion of damaged width relationship being 
linear is questionable it potentially highlights a difference in behaviour between the 
3D woven samples and the 2D prepregs and NCFs. The implication of this 
interpretation is that the damaged regions in the 3D woven samples are considerably 
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weaker/more damaged than in the 2D materials. This possibility looks more likely 
when one considers the energy absorbed per mm2 vs the damaged area of the 
panels (Figure 140). It is apparent that the 3D woven samples are capable of 
absorbing significantly more energy per unit area. This energy is absorbed by the 
formation of damage so it follows that if more energy is absorbed per unit area then 
that area must be more damaged, all other factors being equal. It should once again 
be noted that the lower energy impact on the 3D samples were made with a lighter 
impactor at higher velocity. While this means that the results of these low energy (10, 
15 and 20 Joules) impacts are not comparable to the NCF and prepreg results of the 
same energy they may be useful. Although 3 data points is too few to draw strong 
conclusions the implications of the energy absorbed per unit area for these energies 
suggest that for a given impact energy the higher the velocity of the impactor the less 
energy that the material is capable of absorbing per unit area. 
 
 
 
Figure 140: Energy absorbed vs damaged area 
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6.4.5 Damage and Failure 
 
Published literature has used the load vs displacement response of impacted 
composite panels (91)(92) to understand the behaviour of these materials under 
impact. Figure 141 shows the results for one of the 3D woven samples. While a 
different material to those tested in related literature the response appears 
characteristic of a fibre reinforced composite material 
 
 
Figure 141: Load vs displacement response for 3D woven panel impacted at 25 
Joules 
 
However, most of the load vs displacement curves plotted do not appear like this. 
Figure 142 shows the measured response for most of the samples. It is believed that 
the cause of these graphs was noise from the laser transducer. 
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Figure 142: Load vs displacement response for an 3D woven sample exhibiting 
noise common to most of the results 
 
All of the NCF and prepreg samples failed around the impact region. This failure 
could be readily observed using a c-scan (Figure 143). However, some of the 3D 
woven samples failed in the region of the top of CAI rig. This can be seen in Figure 
144 where the bottom right sample has failed at the top while it does not show the 
characteristic horizontal stripe around the impact site that the other samples in the 
image show. 
 
 
Figure 143: Post CAI C-scans of a (from left to right) 3D woven, NCF and prepreg 
sample.  
 254 
 
 
 
Figure 144: C-scans of some 3D woven samples after CAI testing. All samples failed 
in line with the impact point apart from the sample at the bottom right which failed at 
the top of the panel 
 
DIC revealed that regions of high strain would form around the impacted region 
(Figure 145). Although the C-scans revealed damage across the width of the sample 
the regions of high strain in the samples during CAI testing did not extend the width 
of the sample.  
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Figure 145: Major strain field from DIC showing increased strain around impacted 
region (3D woven sample with a 30 Joule impact) 
 
Figure 146 shows the major strain distribution along vertical sections of the samples 
from Figure 145. One of the sections (yellow) passes through the centre of the 
impacted region while the other two are peripheral to the central line (but still within 
the damaged region). As can be seen in Figure 146, the strain exhibited along the 
central section is much greater than at the periphery of the damaged section. The 
strain outside the damaged region is comparatively small, as indicated by the fairly 
uniform ‘green’ colour of the rest of the DIC image. Combined with the C-scans this 
appears to indicate that the damaged region undergoes increasing, but localized, 
deformation until it leads to failure which propagates across the width of the sample 
 
 
Figure 146: Major strain distribution across the impacted region. The colour of the 
curves corresponds to the lines on Figure 145. 
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3D DIC allowed for the determination of out-of-plane displacement as well as strain 
determination. Figure 147 shows the out of plane deformation of the sample from the 
side. The ‘bump’ protruding from the centre of the image corresponds to the 
impacted region. As with the regions of high strain, this out-of-plane deformation 
seems largely confined to the damaged region prior to global failure of the sample. 
 
 
Figure 147: Side view of sample showing out of plane deformation as well as major 
strain field 
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6.5 Conclusions 
 
The requirement of using a lower impactor mass for the 10, 15 and 20 Joule impacts 
on the 3D woven samples meant that the result for these tests are not suitable for 
comparison of the 3D woven samples with the NCF and prepreg samples. The 
greater peak force experienced by the 3D woven samples subject to the lighter 
impactor is the primary cause of this result. However, while the lower impactor mass 
energies are not comparable to the other tests, the fact the greater peak force 
experienced as a result did not lead to increased damage in the effected 3D woven 
samples. 
 
For the prepreg and NCF samples, the area of the samples that was damaged 
against the impact energy appeared to be a near linear relationship. This is not 
surprising as this relationship has been documented many times before in the 
literature. However, the 3D woven samples did not display this linear relationship 
between damaged area and impact energy. Rather, the 3D woven samples 
appeared to follow a linear relationship when the impactor energy was compared to 
the cube of the damaged width. This cubic relationship may imply a volumetric 
relationship between impact energy and damage. If this holds to be true then this is a 
particularly interesting discovery as (aside from being the first time this has 
apparently been documented) it would imply that for greater energy impact events, 
the corresponding size in damage area will be less for 3D woven samples than for 
2D materials like prepregs and NCFS. A decrease in the size of damaged area is 
likely to lead to the retaining of a greater degree of initial strength of the component 
 
Although the 3D woven samples displayed less damaged area for a given impact 
event, the depth of the dent in the 3D samples was greater than that for the prepreg 
and NCF samples. This may not necessarily be a negative aspect of the material as 
the damage may be more readily observed through visual inspection. Further, while 
a given impact event may lead to locally greater deformation, the damage in the 3D 
samples appears well constrained and should result in a lesser decrease in strength 
 258 
 
of the component. As the deformation is more localized than in the prepreg and NCF 
samples as well as being greater, the change in the contours of the surface will be 
more exaggerated than for a prepreg or NCF, thus making it such a region of 
damage more likely to be spotted. 
 
Overall the 3D woven samples appeared to exhibit greater damage resistance from 
impact than either the prepreg or CAI samples. The fact that the 3D woven samples 
did not benefit from  the angleply layers (i.e. +/-450 plies) that are known to increase 
a laminates resistance to impact damage and that both the prepreg and NCF 
materials contained such layers makes this even more significant. Further, the 3D 
woven samples exhibited increased CAI strength over the prepreg and NCF 
samples. As a result it seems reasonable to conclude that in applications where the 
impact damage resistance and residual strength are important 3D woven composites 
should be seriously considered, if not preferred, to 2D composite laminates such as 
those made from NCFs or prepregs. 
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6.5.1 Main results 
 
 
Table 43: Summary of major result for Impact testing 
 
 
 
 
 
Type of 
material
Impact 
energy 
(J)
Peak 
Force 
(N)
Dent 
Depth 
(mm)
Energy 
absorpti
on (J)
Damage 
Width 
(mm)
CAI 
Strength 
(MPa)
Damaged 
width^2 
(mm^2)
Energy/area 
(mJ/mm^2)
10 4752 0.28 2.9 20.6 239 424 6.8
15 5320 0.345 4.01 22 246 484 8.3
20 2733 0.48 4.14 24 240 576 7.2
25 6477 0.59 8.06 26.6 243 708 11.4
30 2620 0.753 8.4 29.3 227 858 9.8
36 2467 1.179 9.54 33.1 171 1096 8.7
40 2622 1.21 10.18 35.3 213 1246 8.2
50 2261 1.85 9.34 37.2 199 1384 6.7
20 1736 0.326 6.52 35.2 179 1239 5.3
25 2946 0.39 8.89 49.6 199 2460 3.6
30 3536 0.511 11.23 51.2 176 2621 4.3
40 4088 0.604 12.24 62.4 150 3894 3.1
50 3000 0.831 11.31 70.4 140 4956 2.3
52.6 3970 0.986 11.77 76 152 5776 2.0
60 3023 1.036 12.36 80 137 6400 1.9
70 3156 1.604 10.28 84.8 132 7191 1.4
20 2427 0.207 5.83 29.6 876 6.7
25 2820 0.248 9.89 39.2 222 1537 6.4
30 3484 0.347 11.16 43.2 231 1866 6.0
40 4353 0.47 13.125 48 221 2304 5.7
50 4204 0.657 13.87 55.2 214 3047 4.6
60 4274 1.009 11.57 72.8 188 5300 2.2
64 3734 1.117 13.56 71.2 189 5069 2.7
70 3802 1.121 14.58 72.8 189 5300 2.8
3D woven 
RTM6
NCF
Prepreg
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Table 44: Summary of major CAI results 
  
10 236 20.8 0.0150
15 246 19.0 0.0164
20 229 23.8 0.0133
25 257 22.8 0.0141
30 226 17.4 0.0168
36 196 20.9 0.0157
40 213 19.2 0.0166
50 199 18.8 0.0139
20 179 16.9 0.0147
25 199 17.8 0.0143
30 174 18.3 0.0122
40 153 16.8 0.0139
50 142 15.4 0.0155
52.6 139 16.9 0.0138
60 137 16.7 0.0136
70 132 16.5 0.0113
25 222 14.8 0.0191
30 224 17.2 0.0173
40 221 17.0 0.0183
50 214 16.9 0.0159
60 207 17.2 0.0152
64 195 17.2 0.0138
70 189 16.8 0.0151
Impact 
energy 
(J)
CAI 
Strength 
(MPa)
CAI 
Modulus 
(GPa)
Prepreg 
NCF 
Material CAI 
Failure 
strain
3D Woven
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7 Bolt Shear Out 
 
7.1 Introduction 
 
Evaluation of the bearing strength of composites is typically evaluated experimentally 
due to the difficulties in evaluating bearing failure using analytical methods, FE 
etc…It was found that the thick 3D woven samples exhibited the highest Initial Peak 
Bearing Stresses (IPBS) and Ultimate Bearing Stresses (UBS). The NCF samples 
exhibited intermediate UBS and IPBS values with the thin NCF samples having the 
lowest UBS and IPBS values. The difference in bolt shear out performance between 
the thick and thin 3D woven samples is in contrast to the behaviour observed in 
tension where the thin samples exhibited greater tensile strength. A possible cause 
of this reversal of performance is attributed to the difference in in-plane fibre crimp 
between the thick and thin 3D woven samples. However, in contrast to tensile 
behaviour, in bolt shear out it is possible that greater in-plane crimp leads to better 
bolt shear out performance for the materials tested. 
 
7.2 Materials 
 
Three carbon fibre fabric types were used to manufacture test specimens; 
orthogonal 3D woven, NCF and prepregs. The 3D woven material was available in 
two thicknesses; 5mm and 2.5mm (approximately). NCF panels were layed up to be 
of a similar thickness to the 2.5mm 3D woven panels whilst also being balanced and 
symmetric lay-ups. 5mm thick NCF panels were not made as a) not enough material 
was available and b) the relative volume/mass fraction of fibres in a given direction is 
unaffected by panel thickness for the NCFs (in contrast to the 3D woven samples) so 
the number of layers of NCF material should not have a significant effect on the 
properties measured. In addition, panels made of orthogonal 3D woven S-glass were 
made.  
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7.2.1 3D woven 
 
The 3D woven carbon material used has been described earlier in this report and 
once again consisted of the following fibres: 
 
Warp yarns:        Toho Tenax-E  HTS40 F13, 12K  800tex 
Fill yarns:             Toho Tenax-E  HTA40 E13,   6K  400tex 
Z-yarns:                Toho Tenax-J  HTA40 H15,   1K    67tex 
 
The 5mm thick samples contained six warp plies and seven weft plies. The 2.5mm 
samples contained three warp plies and four weft plies. 
 
Panels are made using either RTM-6 or MVR-444 resin. All the RTM-6 samples were 
cured at 1800C while panels made with MVR-444 were cured at one of three cure 
temperatures; 900C, 1350C, 1800C. 
 
7.2.2 NCF 
 
The NCF material applied in this research work is the MMR series of high strength 
carbon fabrics from SAERTEX. Each ply of NCF material contains two layers of 12K 
fibre tows in two perpendicular directions, +45/-45 or 90/0, with a nominal ply 
thickness of roughly 0.5mm. The NCF samples were made of either a [0/90/90/0]s or 
a [+45/-45/-45/+45]s. These panels were made with either RTM-6 or MVR-444 resin. 
For both resins the cure temperature was 180 degrees. As matrix microcracking in 
the NCF panels was neither expected nor observed, NCF panels were not made at 
lower cure temperatures. 
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7.3 Testing 
 
7.3.1 Sample Preparation 
 
The Airbus test method (AITM 1-0009(93) ) required test specimens to be made to the 
dimensions shown in Figure 148. 
 
Figure 148; Sample dimensions for Bolt shear out test 
 
The size and tolerances of the bolt and bolt hoe,were also specified in the test 
method (93). These values can be seen in Table 45. An intial hole was drilled using 
a 6mm dagger drill after which a 6.35mm diamond coated carbide drill bit was used 
to obtain the final hole size. 
 
Table 45: Dimensions and tolerance for bolt and bolt hole 
 
The end-tabs were bonded on using the resin film/vacuum bagging method 
described earlier in this document. 
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7.3.2 Bolt shear out test rig 
In order to perform the bolt shear out test it was necessary to fabricate a rig to apply 
a load to the bolt passing through the test specimen. This rig consisted of two 
loading plates, two bushes to fit into the loading plates and a spacer plate to 
maintain sufficient clearance between the composite samples and the load plates. 
The load plates and spacer plates were machined out of Mild Steel while the bushes 
were machined from Silver Steel. The purpose of the bushes was to allow for the 
replacement of a small component rather than the fabrication of a new rig should the 
rig plastically deform under load. In addition, Silver Steel was chosen as it offered 
the possibility of significantly increasing the hardness/yield strength of the material 
through simple procedures such as quenching should such properties be necessary. 
 
 
Figure 149; Diagram of bolt shear out load plate 
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7.3.3 Bolt shear out test procedure 
 
All tests were performed on a 150KN Instron 5584 test machine controlled with 
Bluehill® software. Before samples were tested their widths were measured using a 
digital vernier calliper (resolution of +/- 0.01mm) and their thicknesses measured 
using a digital micrometer (resolution of +/-0.001mm). Width and thickness 
measurements were taken at three points each and averaged to provide a single 
value for calculation. The sample and bolt shear out rig were attached to the 
machine via clamps (Figure 152) and the specimens were loaded at a constant 
crosshead speed of 1mm/minute. 
Figure 150; Photograph of test rig
components 
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Figure 152; Test rig and specimen in
testing machine 
Figure 151: Measuring points for bolt shear
out specimens. Arrows indicate width
measurement sites, diamonds indicates
thickness measurement sites 
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7.3.4 Thick samples 
 
Figure 153 shows the relative performance of the thick 3D woven CFRP samples 
with different resin/cure systems. It can be seen that the sample made with MVR-444 
cured at 90 degrees has the highest Initial Peak Bearing Stress (IPBS). However, 
the thick MVR-444 samples exhibit a higher Ultimate Bearing Stress (UBS) than the 
IPBS. These MVR-444 samples with a 90 degree cure are the only samples to 
display this behaviour. All the other samples (3D woven or NCF) had IPBS values 
that were the same as their UBS values. 
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Figure 153; Bearing Stress (MPa) vs Hole Deformation (%) for thick 3D woven 
specimens 
 
7.3.5 Thin Samples  
The 3D woven thin samples displayed little difference in UBS with the samples cured 
at 1350 mean UBS and more consistent results than the sample cured at 1800 
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(Figure 156). However, the most surprising result was the performance of the 3D 
woven samples initially cured at 900 and then post-cured for one and a half hours at 
1800. The post-cured samples displayed significantly higher UBS values than the 
other thin 3D woven samples (Figure 154). The measurements for the calculations 
were rechecked to make sure there were no errors and none were found. It was 
noted that the post-cured specimens were slightly thinner than the 1350 and 1800 
cured samples even though all the samples would have the same aerial density of 
carbon fibres. To see if this was the cause of the apparent increase in strength of the 
post-cured samples the UBS values of the post-cured samples were recalculated 
using a normalized thickness value from the other thin 3D specimens. Although this 
normalization would account for a small increase in the measured UBS this effect 
would be too small to explain the higher UBS of the post-cured samples. Therefore 
some other mechanism that is improving the performance of the post-cured samples 
must be occurring. 
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Figure 154; Comparison of the behaviour (bearing stress vs percentage hole 
deformation) of thin 3D CFRP samples made with MVR-444 cured at 1350, 1800 and 
900 with a 1800 post-cure 
 
NCF panels of comparable thickness to the 3D woven samples were manufactured 
to act as a basis for comparison for the 3D woven samples. The layups used for the 
NCFs were [0/90/90/0]s or [+45/-45/-45/+45]s. as can be seen in Figure 155 the NCF 
samples all exhibited higher UBS values with the +/-450 samples displaying the 
highest UBS values. However, there is a noticeable difference in the behaviour of the 
3D woven sample compared to the NCF samples; the 3D woven samples are 
capable of undergoing significantly greater hole deformation before complete failure 
of the component than the NCF samples. 
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Figure 155: Bearing Stress (MPa) vs Hole Deformation (%); a comparison of thin 3D 
woven CFRP to 0/90 and +/-45 NCF lay-ups 
 
7.3.6 Comparison 
 
It is apparent from Figure 156 that the thick 3D woven panels display the highest 
bolt-shear-out performance in terms of UBS. It should also be noted that the thick 3D 
samples are capable of undergoing a large hole deformation than the NCF samples 
before catastrophic failure. Further the thick 3D CFRP panel cured at 900 offers the 
highest UBS as well as the unique feature of an UBS that is higher than the IPBS 
which could be beneficial as a safety feature in a bolted joint. If a panel made of any 
of the other samples were to experience a bearing stress capable of causing bearing 
failure then the failure would likely continue to propagate through the rest of the 
panel/structure. However, for the 900 cured thick 3D panel the UBS is higher than the 
IPBS, so if a bolted component in a panel made of this 3D CFRP configuration were 
to experience a load that started to plastically deform the hole, the damage would 
not necessarily propagate catastrophically, as this particular combination of materials 
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and cure cycle appears to exhibit an effect akin to strain hardening in materials such 
as metals. 
 
The UBS of the thin 3D woven specimens is universally lower than the UBS of the 
thick specimens. An illustration of this can be found in Figure 157. However, the thin 
specimens are capable of experiencing a large hole deformation before catastrophic 
failure of the samples. The post-cured thin 3D specimens were definitively stronger 
than the other thin 3D specimens although the cause of this is unknown (and 
surprising given that the post-cured samples exhibit significantly lower UTS values 
than the other thin 3D samples). 
 
 
Figure 156; Overall UBS results including error bars of one standard deviation about 
the arithmetic mean 
 
It is apparent from Figure 156 that the thick 3D woven panels display the highest 
bolt-shear-out performance in terms of UBS. It should also be noted that the thick 3D 
samples are capable of undergoing a larger hole deformation than the NCF samples 
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before catastrophic failure. Further the thick 3D CFRP panel cured at 900 offers the 
highest UBS as well as the unique feature of an UBS that is higher than the IPBS 
which could be beneficial as a safety feature in a bolted joint. If a panel made of any 
of the other samples were to experience a bearing stress capable of causing bearing 
failure then the failure would likely continue to propagate through the rest of the 
panel/structure. However, for the 900 cured thick 3D panel the UBS is higher than the 
IPBS so if a bolted component in a panel made of this 3D CFRP configuration were 
to experience a load that started to plastically deform the hole the damage would not 
necessarily propagate catastrophically as this particular combination of materials and 
cure cycle appears to exhibit an effect akin to strain hardening in materials such as 
metals. 
 
The UBS of the thin 3D woven specimens is universally lower than the UBS of the 
thick specimens. An illustration of this can be found in Figure 157. However, the thin 
specimens are capable of experiencing a larger hole deformation before catastrophic 
failure of the samples. The post-cured thin 3D specimens were definitively stronger 
than the other thin 3D specimens although the cause of this is unknown (and 
surprising given that the post-cured samples exhibit significantly lower UTS values 
than the other thin 3D samples). 
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Figure 157; Comparison of the behaviour of thick and thin 3D CFRP panels in bolt 
shear out 
 
The thick specimens cured at 900 exhibited the highest UBS and IPBS values of the 
range of samples tested. It is known from microscopy that the thick specimens cured 
at 900 are the only 3D woven CFRP specimens that do not exhibit microcracking 
from curing. Given that these panels also show the highest bolt-shear-out values it 
follows that the presence of sub critical damage (i.e. microcracks) degrades the bolt-
shear-out properties of 3D woven composites. 
 
By comparing the behaviour of thick and thin 3D CFRP specimens made with 
different resins but cured at the same temperature it became apparent that the effect 
of the choice of either resin was negligible (Figure 158). Therefore the difference in 
performance between the 3D samples is likely a result of their cure temperature. 
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Figure 158; Effect of resin choice on samples cured at 1800C 
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7.3.7 Non­Crimp Fabrics 
 
The NCF samples tested were all cured at 180 degrees. The most immediate feature 
of the results for the bearing shear out tests for these materials is the relative 
performance of the +/-450 and 0/900 samples, or more specifically the similarity of 
their results.   
 
 
Table 46: Initial Peak Bearing Stresses and Ultimate Bearing Stresses for NCF 
samples 
 
Table 46 shows the Ultimate and Initial Peak Bearing stresses along with the first 
standard deviation of these values. While the number of samples is small enough 
that the degree of confidence in the standard deviation of the results should be low it 
still seems apparent that there is no definitive difference in the strengths of the 00/900 
and +/-450 lay-ups when it comes to bearing shear out strength.  Therefore it would 
seem apparent that the orientation of the reinforcement has a negligible effect on 
UBS and IPBS for 00/900 and +/-450 NCF materials. If the effect of ply orientation on 
bearing strength is apparently negligible then it follows logically that it is the strength 
of the resin which predominantly determines the strength of these materials in bolt 
shear out loading scenarios. 
 
However, if the UBS and IPBS of the 3D woven materials were purely a function of 
the strength of the resin then one would expect that the performance of thick and thin 
Material Sample Number  UBS IPBS Average UBS Standard Deviation of UBS Average IPBS Standard deviation of IPBS
MPa MPa MPa MPa MPa MPa
NCF 0/90 MVR‐444 1 352.7 352.7 374.1 18.8 351.9 18.0
2 368.3 368.3
3 397.8 359.8
4 377.5 326.6
NCF 0/90 RTM‐6  1 362.0 348.0 367.9 13.4 353.6 18.7
2 355.5 329.6
3 386.7 369.4
4 367.5 367.5
 +/‐45 NCF RTM‐6 1 383.1 377.7 375.0 11.5 371.1 6.9
2 364.7 364.7
3 365.6 365.6
4 386.6 376.3
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3D woven composites with the same resin cured at the same temperature should be 
the same. However, this was not the case and is readily apparent if one looks at 
Table 47.  For example, the average UBS for the thick 3D woven samples with an 
RTM-6 matrix is 27% higher than that of the thin 3D woven samples made with RTM-
6 with a 1800 cure. 
 
 
Table 47: Bearing strengths of 3D woven composite samples 
 
7.3.8 Fibre misorientation and bolt shear out performance 
 
Tension testing of the materials used revealed that fibre misorientation had a 
significant effect on strength and stiffness of the materials. Measurements from 
microscopy revealed that the fibre tows in the thin 3D woven samples possessed 
Material Sample  Ultimate Bearing Stress Initial Peak Bearing Stress Average UBS Average IPBS
MPa MPa MPa MPa
MVR 90 shear thick 1 501.6 463.8 473.6 414.5
2 472.8 406.6
3 472.4 395.0
4 472.8 394.6
5 448.5 412.4
MVR 180 shear thick 1 438.6 438.6 436.2 436.2
2 440.8 440.8
3 418.6 418.6
4 420.1 420.1
5 462.7 462.7
RTM 6 thick 1 439.1 439.1 433.3 433.3
2 425.4 425.4
3 445.0 445.0
4 423.7 423.7
RTM 6 thin 1 341.9 341.9 340.8 340.8
2 329.5 329.5
3 344.0 344.0
4 341.2 341.2
5 347.5 347.5
MVR 135 thin 1 316.1 316.1 324.8 324.8
2 322.6 322.6
3 319.6 319.6
4 324.8 324.8
5 341.1 341.1
MVR 180 thin 1 323.3 323.3 316.9 316.9
2 331.1 331.1
3 321.2 321.2
4 282.8 282.8
5 326.2 326.2
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less in-plane crimp than the thick 3D woven materials. Although measurements 
through microscopy of crimp of the NCF materials were not performed it was readily 
apparent from visual inspection that the NCF samples exhibited a large amount of 
out-of-plane crimp. The Author’s models for stiffness and strength predict a decrease 
in stiffness and tensile strength with increasing fibre misorientation/crimp. 
Experiments provided evidence for this as the less crimped thin 3D woven samples 
were stiffer and stronger than the more crimped thick 3D woven samples in tension. 
Further, the NCF samples which exhibited obvious and significant out-of-plane crimp 
performed significantly worse than either of the 3D woven materials in tension.  
 
The trend towards increasing strength with decreasing fibre misorientation was not 
apparent in bolt shear out testing.  
 
7.3.9 Factors affecting bolt shear out performance  
 
If one considers the 3D woven samples and the 00/900 NCF samples tested it is 
apparent that there were three main variables on the samples tested; fibre crimp, 
cure temperature and the ratio of 00 to 900 layers.  
 
Smith and Pascoe (94) showed that lateral constraint of 00 layers by transverse plies 
was a significant factor in the bolt and pin shear out strength of composite laminates. 
Assuming this to be correct it would follow that the transverse strength of a laminate 
would determine (at least to some extent) the bolt shear out strength of the samples 
tested. Therefore the more 900/transverse layers a sample has the greater its 
transverse strength and the stronger it should be in bolt shear out. Using the same 
parameters and values determined in the section on tension it is possible to use the 
same micro and macro mechanical methods to predict values for the transverse 
strength of the samples as they were tested (Table 48). 
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Table 48: Predicted Transverse Strengths of Materials using the Author’s strain 
limited model and the Tsai-Hill failure criteria 
 
While it seems that the thicker samples demonstrate some sort of trend towards 
increasing bearing strength with increasing transverse strength this is not the case 
with the thin samples. Further, the predicted difference in the transverse strength of 
the thick 3D woven samples is much greater than the observed difference in bearing 
strengths of the different samples. Thus it seems that the transverse strength of 
these materials is not the only or primary determinant of the bearing shear out 
strength of these materials. 
 
 
Wu and Sun (95) showed that the damage in cross-ply samples made from UD 
prepregs was initiated by fibre microbuckling due to compressive loading of the 
fibres on the compressive side of the hole/bolt. This microbuckling leads to kink band 
formation and global failure. On the basis of this work one might reasonably expect 
that samples with greater crimp would fail earlier as it would be expected that 
misaligned fibres would buckle at lower loads. Further, Hsiao and Daniel (96) 
showed that fibre crimp decreased compressive stiffness and significantly decreased 
compression strength. However this contradicts what was observed experimentally 
with the thick samples exhibiting greater UBS values than the thin samples despite 
the thick samples being more crimped. However, it is not possible to make a direct 
comparison of the thick and thin samples as they possessed different proportions of 
00 and 900 layers.  
 
Material Predicted Transverse Strength Average UBS Average IPBS
MPa MPa MPa
MVR thin 135 693.8 324.8 324.8
MVR thin 180 579.0 316.9 316.9
RTM-6 thin 472.1 340.8 340.8
MVR thick 90 779.0 473.6 414.5
MVR thick 180 578.9 436.2 436.2
RTM-6 Thick 474.4 433.3 433.3
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There are also further complications when considering the bearing shear out 
behaviour of the materials tested. If microbuckling of fibres and/or fibre tows were 
the failure mode then one would expect that the shear modulus of the resin to be a 
critical determinant in the bearing strength of the material. As one would not expect 
the shear modulus of the resin to vary with cure temperature one would not expect 
cure temperature to  have an effect on the bearing strength of these materials but, 
once again, this is not what has been observed experimentally. 
 
A possible explanation for the difference in performance of the materials is their 
degree of in plane crimp. However, in contrast to the tensile performance of these 
materials, in-plane crimp may lead to an improvement in bolt shear out performance. 
The tests done showed that the thin 3D woven samples (with less in-plane crimp 
than the thick samples) were weaker in bolt shear out than the thick 3D woven 
samples. If it is the case that in-plane crimp can improve bolt shear out performance 
then there are two possible explanations. 
 
 
Figure 159: Optimal fibre orientation for bolt shear out strength determined using a 
genetic algorithm (4) 
 
Crosky et al (97) used a variety of methods to determine the optimum fibre 
orientation around a hole that would be loaded by a bolt. They then used the 
outcome of these results to lay fibres that were steered to conform to the geometries 
determined by their models. The result of using these steered fibres was a significant 
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improvement in bolt shear out performance (between 33% and 36%). Figure 159 
shows the optimal orientation of fibres as generated by Crosky et al’s Genetic 
Algorithm method. What is most immediately apparent is that the optimal orientations 
for fibres around the hole are far from being unidirectional/mutually parallel. It may 
be the case that the greater the in-plane crimp within the 3D woven materials the 
closer to the optimum fibre orientation for bolt shear out. 
 
Another possibility is that the greater the degree of misalignment of the fibres within 
the 3D woven composites the greater the proportion of fibres that need to be 
fractured for the bolt to pass through the material. The more fibres that need to be 
broken the more energy needed to break the sample and therefore the higher the 
bolt shear out strength, 
 
 
 
  
 
Failure path
Carbon fibre 
Resin
Hole loaded with
Figure 160: In a lamina with mutually aligned fibres it would
be possible for the layer to fail by shear of the resin
between fibres/fibre tows 
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Figure 160 illustrates a possible failure paths for a sample loaded in bolt shear out. If 
the fibres are mutually aligned (no in-plane crimp) then it would be possible for such 
a layer to fail purely by shear of the resin between fibres/fibre tows. However, if the 
fibres/tows exhibited in-plane crimp then such a failure path would necessarily cross 
the crimped tows. In order for failure to progress the fibres/tows in the failure path 
must be broken which would require energy and thus increase the work required for 
failure to progress which would result in a stronger material in this load scenario. 
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7.4 Conclusions 
 
Evaluating and predicting the bolt shear out performance of composite materials is 
notoriously difficult. Even the use of advanced FE programs is limited in applicability 
and accuracy by their large sensitivity to calibration factors. Further, the behaviour of 
composites under bolt shear out testing known to be highly sensitive to factors such 
as clearance between the bolt and hole. 
 
Although it has not been possible to quantitatively determine the factors that 
determine bolt shear out performance some influential factors in such performance 
have been identified. As with the other mechanical tests performed on 3D woven 
composites it appears that cure temperature has an effect on the performance of the 
samples although the effect is far less extensive than in loading such as tension. It 
also appears that the thick 3D woven materials exhibit significantly greater bolt shear 
out strength than the thin samples, which is a contrast in behaviour to that observed 
in tension. 
 
In-plane crimp appears to be a possible factor in the bolt shear out strength of 3D 
woven composites. However, in contrast to tension, the samples with greater in-
plane crimp (thick samples) were stronger than those with less in-plane crimp (the 
thin samples). Two possible mechanisms for the improvement in bolt shear out 
performance were identified. Whether either one or both of the mechanisms 
identified are responsible for the difference in shear out strength is not possible to 
say at this stage. Further, it is possible that there is another mechanism that has not 
been identified that is responsible for the difference in bolt shear out strength. 
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8 Bearing Pull Through 
 
8.1 Introduction 
 
Localized transverse loading of composite laminates is preferentially avoided due to 
the poor through thickness properties of such materials. However, with the 
increasingly widespread use of composites and the difficulties associated with 
adhesively bonded joints (i.e. regarding certification of adhesive joints) it is common 
for structures to rely on the strength of mechanically fastened joints in composites.  
 
While literature is thin on the ground for the behaviour of 3D woven composites in 
general, the field of 3D woven composites in bearing pull through loading is almost 
barren! As a result, the aim of this section of work is to test 3D woven composites 
alongside NCF and UD prepreg laminates to compare the mechanical performance 
of the 3D woven composites to materials who’s response to localized transverse 
loading has been evaluated (to some degree). In addition, the mode of failure and 
damage within the 3D woven composites will be compared to that of NCF prepreg 
laminates. 
 
Rudimentary analysis of the load vs displacement behaviour of the samples was 
performed using beam and plate theory in conjunction with CLA and the VFO model 
(for the 3D woven composites). The initial reason for this was to provide a simple 
basis for comparing the samples and results after testing. However, it turned out that 
theory and reality were worlds apart for this set of tests. The cause of this 
discrepancy is a result of the counter-intuitive boundary conditions. The difference 
between theory and practice was so large that it warrants much more discussion 
than can be contained within this report or provided by this author. 
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8.2 Sample Fabrication 
 
The NCF and 3D woven samples were manufactured using the RIFT process 
described earlier in Section 4.1. The NCF samples had a cross-ply layup of 
[90/0/0/90]s and [90/0/0/90/90/0/0/90]s for the thin and thick samples respectively. 
The NCF layers were supplied as a two layer cross-ply (one 00 ply and one 900 ply) 
of Toho Tenax-E HTS40 F13, 12K 800TEX fibres stitched together with PES 48 
DTEX SC. 
 
 The prepreg samples were made from material from Hexcel with the designation 
M21/35%/268/T700GC/300 (Toray fibre). The prepreg samples were manufactured 
through the autoclave route. The stacking sequence was [+45/0/-45/90/0]s for 2.5mm 
thick prepreg laminate and[[+45/0/-45/90]2 /90/0]s for 5mm thick prepreg laminate. 
 
Fibre Weave/UD
Fibre 
Mass 
Nominal 
Prepreg 
Aerial 
Density 
Nominal 
Cured Ply 
Thickness 
Nominal 
Fibre 
Volume 
Resin 
Density 
Fibre 
Density 
Nominal 
Laminate 
Density 
  g/m2 g/m2 mm % g/cm3 g/cm3 g/cm3 
T700GC UD 268 412 0.262 56.9 1.28 1.80 1.58 
Table 49: Physical properties of prepreg plies used to fabricate bolt through samples 
 
The samples were then C-scanned (as described in Section 4.2) for defects. 
Examples of C-scans for the 3 types of material used are shown in Figure 162, 
Figure 163 and Figure 164. 
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Figure 162: Prepreg C-
scan 
 
Figure 163: 3D woven 
C-scan 
 
Figure 164: NCF C-
scan 
 
The panels were then cut to size using a wet diamond saw to the dimensions 
specified in the ASTM/Airbus standard (98) and illustrated in Figure 165. The size of 
the drill bit used to obtain the final holes size was 6.35mm (and it is this diameter 
which is taken as the value of ‘d’, the bolt hole diameter). Initially a 6mm dagger drill 
was used to put the hole in the samples before being opened up to the final size with 
6.35mm diamond coated drill bit. 
 
Figure 165: Dimensions specified by ASTM test method (98) 
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In order to perform the tests it was necessary to fabricate a test rig. The test rig that 
was used to load the samples was machined out of EN1A steel and was based on 
the parameters specified by the Airbus standard with suitable modification for the 
test machine (i.e. the web of the T-beams and the loading holes in them were 
machined to fit standard Instron fixtures and load pins). An illustration of the 
suggested test jig from the Airbus standard is shown in Figure 166 and the actual 
test rig used is shown in Figure 167.  
 
 
Figure 166: Illustration of bolt pull through jig setup 
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Figure 167: Bolt pull through test rig in Instron 4505 test machine. Approximate scale 
attached for illustrative purposes 
 
  
250mm 
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8.3 Testing 
 
Six specimens of each type of composite produced were tested. Five of these 
specimens were loaded to failure with the sixth specimen being loaded to 70% of the 
mean initial failure load of the first five specimens within the group. 
 
The test procedure was carried out in the following fashion: 
 
 The thickness of the samples was measured at four points around the hole 
using a micrometer and recorded. 
 The specimen was bolted to the steel control plate using an aerospace grade 
bolt supplied by Airbus. The bolts were tightened with a torque wrench to 6Nm 
 The sample and control plate were placed in the test rig and bolted in place 
using the clamping blocks. 
 The test machine was set to extension control and a cross-head speed of 
3mm/min was used. 
 The first five samples were loaded to failure. The initial failure loads of these 
samples were then used to calculate the load to which the sixth sample would 
be subjected. Once the sixth specimen had reached this load the test was 
stopped and the sample unloaded. 
 The samples were then C-scanned again. Sections of the sample around the 
central hole were then cut out and mounted in resin for microscopy. 
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8.4 Results and discussion 
 
The failure loads and displacements for the materials tested were found to be 
repeatable over the number of tests performed.  All of the materials tested followed a 
general failure pattern; after an initial period of slip/slack, the response of the 
samples was found to be linear up to an initial failure load, at which the load would 
drop. The load would then subsequently increase to a final peak failure load. 
Between the displacements corresponding to the initial and final failure loads a 
series of discrete failures would occur as the displacement increased until the final 
failure load/displacement was reached. Figure 168 shows typical load vs 
displacement responses for the materials tested. The failure of all the samples 
follows the routine just described with the exception of the thick NCF samples which 
exhibit a non-linear response prior to the initial failure load/displacement. With the 
possible exception of the thick NCF samples the behaviour of all the other materials 
tested is consistent with what has been reported elsewhere (99)(100)(101)(102). 
However, it has been reported that the initial failure load/displacement and the peak 
failure load/displacement may be coincident (103), although this was not observed 
among the materials used for this body of work. 
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Figure 168: Load vs Displacement response for representative samples for each of 
the materials tested 
 
While all the materials tested followed similar paths to failure the relationship 
between the initial and final failure loads for the thick and thin specimens were 
significantly different. 
 
While there is a limited amount of literature available on the response of composite 
plates subject to out-of-plane loading by a bolt/bearing they do describe the strength 
of the materials in these situations as being affected by the thickness and the 
unsupported length /radius of the samples(100)(99)(101)(102).  Banbury and Cox 
(99) and Elder et al (102) used FEA to predict the load vs displacement response of 
their samples.  In this report the behaviour of the samples will be evaluated using 
mechanics and CLA (i.e. non-computationally). 
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The thick samples exhibited a significant decrease in the slope of their load vs 
displacement response after the initial failure load has been reached. However, the 
thin samples did not   demonstrate as significant a drop in stiffness after initial failure 
(Figure 169). Graphs showing further comparison of Experimental results can be 
found in the Appendix (11.2) 
 
 
Figure 169: The behaviour of thick and thin 3D woven specimens with an MVR-444 
matrix. 
 
8.4.1 Initial load vs displacement behaviour 
 
In order to evaluate the bending behaviour it is first necessary to evaluate the 
bending moments that the panels will be subject to. Using beam theory we can find 
the distribution of bending moments along the samples (Figure 170).  
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Figure 170: Representation of the loading of the samples and the relevant reaction 
forces and moments 
 
If we consider the sections of the panels that are beneath the clamps to be perfectly 
constrained from bending and the regions between the clamps to be free to bend 
then the situation can be considered a simple (statically indeterminate) case of 
clamped three point beam bending.  
 
For vertical force equilibrium it is apparent that: 
 
ܲ െ ܴ௔ െ ܴ௕ ൌ 0  Equation 145 
 
Taking moments about the right wall (at ‘C’) gives: 
 
ܯ௔ ൅ ܲܮ2 െܯ௕ െ ܴ௔ܮ ൌ 0 
 Equation 146 
 
Using simple beam theory it can be shown that 
 
 294 
 
ܧܫ ݀
ଶݒ
݀ݔଶ ൌ െܴ௔ݔ ൅ܹ ൬ݔ െ
ܮ
2൰ ൅ܯ௔ 
 Equation 147 
 
ܧܫ ݀ݒ݀ݔ ൌ െ
ܴ௔ݔଶ
2 ൅
ܹ
2 ൬ݔ െ
ܮ
2൰
ଶ
൅ ܯ௔ݔ ൅ ܥଵ 
 
Equation 148 
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Equation 149 
 
Given the load ‘P’ is at the mid-span of the beam it is apparent that: 
 
ܴ௔ ൌ ܴ௖ ൌ ܲ2 
 Equation 150 
 
And that: 
 
ܯ௔ ൌ ܯ௖ ൌ ܲܮ8  
 Equation 151 
 
Knowing that the curvature of the beam at the edges is necessarily zero and that the 
displacement at these locations is also zero the equation for the mid-span deflection 
for is thus: 
 
ݒ௠௔௫ ൌ ܲܮ
ଷ
192ܧܫ 
 Equation 152 
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8.4.1.1 Flexural stiffness of samples  
 
In order to predict the deflection of the panels all that is required is the distance ‘L’, 
which is 69.5mm (as shown in Figure 170) and the flexural stiffness of the samples 
(the ‘EI’ term). However, the predicted flexural stiffness of samples is affected by 
whether the sample is assumed to be a ‘beam’ or a ‘plate’. The assumption of the 
sample being a plate rather than a beam will lead to a higher predicted stiffness for 
the sample. This should come as no surprise as such behaviour is analogous to the 
increase in stiffness in a ‘plate’ over that of a ‘beam’ by a factor of 1/(1-v2).  
 
Using CLA it is possible to calculate the effective bending stiffness of the samples 
from the D matrix of the laminate. If we treat the situation as the loading of a beam 
then we assume that only one bending moment, Mx, is in effect: 
 
቎
݇௫
݇௬
݇௫௬
቏ ൌ ሾܦሿିଵ ൥
ܯ௫0
0
൩ 
 
Equation 153 
 
We can then see that the curvature of the samples due to a moment will be: 
 
݇௫ ൌ െ݀
ଶݒ
݀ݔଶ ܦଵଵ
כ ܯ௫ ൌ െܯ௫ܾܧ௫ܫ  
 
Equation 154 
 
From  
 
݇௫ ൌ െ݀
ଶݒ
݀ݔଶ ܦଵଵ
כ ܯ௫ ൌ െܯ௫ܾܧ௫ܫ  
 
Equation 154 
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 it is apparent that the effective longitudinal modulus for the sample in flexure is: 
 
ܧ௫ ൌ 12݄ଷܦଵଵכ  
 
Equation 155 
 
Where D11* is the ‘11’ component from the inverse D matrix19.  
 
If we model the sample as a plate then we consider that the sample can be subject 
to moments in more than one direction, e.g. the clamps holding the plates can resist 
transverse bending moments as well as longitudinal moments. In this case the 
sample is only free to curve in one direction and we obtain Equation 156 
 
቎
ܯ௫ܯ௬
ܯ௫௬
቏ ൌ ሾܦሿ ൥
݇௫0
0
൩ 
 
Equation 156 
 
The result of this is that the effective longitudinal modulus for the sample as a plate 
in flexure is: 
 
ܧ௫ ൌ 12ܦଵଵ݄ଷ  
 Equation 157 
 
The assumption of a plate over a beam is commonly based on whether the item in 
question has a width: length ratio of five or more which would suggest that the plate 
assumption is more likely to be valid for the sample geometries in question. 
However, as one can see from Equation 156, the loading scenario for a plate 
requires that bending moments in more than one direction are in application.  
                                            
19 D11* is not the same as the inverse of the component D11. 
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To start with, analysis of the load vs displacement response will focus on the prepreg 
samples. This is due to the ready application of CLA to prepregs and the readily 
available data on the mechanical behaviour of the particular prepreg being used. 
However, the Vf of the prepreg material is quoted as 56.9% (104) for a nominal ply 
thickness of 0.262mm. The panels tested were fabricated with ten or twenty plies 
and had average thicknesses of 2.50mm and 5.00mm respectively meaning that the 
nominal ply thickness of the samples as tested was 0.25mm. This would be a result 
of the samples tested having a higher Vf than 56.9%.  
 
If we assume that voids occupy a negligible proportion of a ply and that it is only the 
reduction in matrix volume fraction that accounts for the difference in the ply 
thicknesses then we can easily find the Vf of the samples used as 59.6%, not 56.9%.  
 
As the available data for the mechanical properties of the prepregs used is for plies 
with a thickness of 0.262mm it is necessary to compensate for the difference in Vf 
using micromechanics. Using the Manufacturer’s data (104) along with the poison’s 
ratio for the matrix obtained from the literature (105) the properties of a ply and the 
laminate with the as tested Vf can be calculated using a variety of methods.  
 
The predicted effect on the membrane and flexural stiffness values from CLA 
(treating the samples as plates rather than beams) for the thick prepreg samples are 
shown in Table 50, and the thin samples in Table 51. 
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Correction method Loading Longitudinal modulus Transverse Modulus 
    GPa GPa 
None Membrane  59.3 59.3 
  Flexural 77.1 57.5 
Rule of Mixtures Membrane  59.6 59.6 
  Flexural 70.6 52.7 
Halpin-Tsai Membrane  59.3 59.3 
  Flexural 70.3 52.4 
Table 50: Predicted moduli for the thick prepreg samples with Vf compensation by 
Rule-of-Mixtures and Halpin-Tsai methods. 
 
Correction 
method Loading 
Longitudinal 
modulus 
Transverse 
Modulus 
    GPa GPa 
None Membrane  71.6 46.6 
  Flexural 78.0 42.1 
Rule of Mixtures Membrane  71.9 46.9 
  Flexural 71.4 38.8 
Halpin-Tsai Membrane  71.7 46.6 
  Flexural 71.1 38.4 
 
Table 51: Predicted moduli for the thin prepreg samples with Vf compensation by 
Rule-of-Mixtures and Halpin-Tsai methods. 
 
Knowing the size and geometry of the samples and apparatus it is possible predict 
the load vs displacement response of the samples. The load vs deflection behaviour 
predicted for the sample behaving as a clamped plate is shown in Figure 171 with 
experimental results for comparison. 
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Figure 171: The predicted load vs displacement behaviour of the samples treated as 
a clamped beam or plate compared with representative experimental results 
  
As can be seen from Figure 171 and Table 52, the predictions for the rigidity of all 
the samples are far higher than that observed experimentally. The cause of this error 
could reasonably be attributed to two causes. The first of which is that the material 
properties are vastly different from the data published by the manufacturer and 
available in the literature, which seems highly unlikely. The second possibility is that 
the assumptions of the loading conditions on the sample are incorrect (e.g. the 
assumptions of a clamped plate). 
 
 
Table 52: Gradient of experimental and predicted load vs displacement curves 
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Material Slope before the Initial Failure Load  (KN / mm) Difference between experimental and predicted response
Thin prepreg (experimental) 0.96 ‐
Thin prepreg (plate) 3.67 266.9
Thin prepreg (beam) 2.90 190.4
Thick prepreg (experimental) 5.24 ‐
Thick prepreg (plate) 26.96 414.5
Thick prepreg (beam) 23.10 340.8
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In addition, the discrepancy between the experimental results for the 3D woven 
composites and the predicted response is subject to error of the same order as the 
prepregs. In order to predict the response of the 3D woven composites it is 
necessary to generate the materials’ ABD matrices. While it is not possible to 
experimentally find the properties of an individual layer within the 3D woven 
composites used, due to the layers being woven together, it is possible to generate 
the Q matrices for these materials using the VFO model described in the earlier 
section on tension. It is then possible to use these Q matrices to generate the ABD 
matrices of the 3D woven composites and use them to predict their load vs 
displacement responses in the same manner as just used for the prepreg samples.   
 
 However, the samples used for these tests tended to be slightly thinner than the 
samples used for the tension tests. While this difference in thickness (assuming that 
the difference is the result of a higher Vf) would have a small difference in the 
predicted failure load of such samples in tension (and an even smaller, essentially 
negligible effect on the actual predicted tensile failure stress) this is not the case for 
these samples when loaded in flexure. As a result it is necessary to recalculate the D 
matrices for the samples used in the bolt pull through tests.  
 
D matrix (Nmm) D^-1 matrix (1/Nmm) 
173270 4095.04 0 5.78E-06 -3.03E-07 0 
4095.04 78203.4 0 -3.03E-07 1.28E-05 0 
0 0 6595.63 0 0 0.000152 
Table 53: D and inverse D matrices for thin 3D woven sample with MVR-444 matrix 
cured at 900C 
 
D matrix (Nmm) D^-1 matrix (1/Nmm) 
186944 4418.19 0 5.36E-06 -2.80E-07 0 
4418.19 84374.6 0 -2.80E-07 1.19E-05 0 
0 0 7116.11 0 0 0.000141 
Table 54: D and inverse D matrices for thin 3D woven sample with MVR-444 matrix 
cured at 1800C 
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D matrix (Nmm) D^-1 matrix (1/Nmm) 
742349 22048.7 0 1.35E-06 -6.05E-08 0 
22048.7 491620 0 -6.05E-08 2.04E-06 0 
0 0 35492.9 0 0 2.82E-05 
Table 55: D and inverse D matrices for thick 3D woven sample with MVR-444 matrix 
cured at 1800C 
 
D matrix (Nmm) D^-1 matrix (1/Nmm) 
830338 24662 0 1.21E-06 -5.41E-08 0 
24662 549890 0 -5.41E-08 1.82E-06 0 
0 0 39699.8 0 0 2.52E-05 
Table 56: D and inverse D matrices for thick 3D woven sample with MVR-444 matrix 
cured at 900C 
 
D matrix (Nmm) D^-1 matrix (1/Nmm) 
769188 24223.5 0 1.30E-06 -6.18E-08 0 
24223.5 509964 0 -6.18E-08 1.96E-06 0 
0 0 37134.2 0 0 2.69E-05 
Table 57: D and inverse D matrices for thick 3D woven sample with RTM-6 matrix 
cured at 1800C 
 
Using these D matrices generated it is possible to calculate load vs displacement 
behaviour of the panels (on the assumption of bending of either a clamped plate or 
beam). 
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Figure 172: Experimental vs predicted results for thick 3D woven sample with an 
MVR-444 matrix cured at 900C 
 
 
Figure 173: Experimental vs predicted results for thick 3D woven sample with an 
MVR-444 matrix cured at 1800C 
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Figure 174: Experimental vs predicted results for thick 3D woven sample with an 
RTM-6 matrix cured at 900C 
 
Figure 172, Figure 173 and Figure 174 show the results for the thick 3D woven 
samples in comparison to the predictions from beam or plate bending theory (with 
the beam plate properties being derived from the VFO model and CLA). As with the 
prepreg samples, the predicted stiffness is vastly greater than that found from the 
experiments. A similar situation is found for the thin 3D woven samples, as can be 
seen from Figure 175 and Figure 176. 
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Figure 175: Experimental vs predicted results for thin 3D woven sample with an 
MVR-444 matrix cured at 900C 
 
 
Figure 176: Experimental vs predicted results for thin 3D woven sample with an 
MVR-444 matrix cured at 1800C  
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prepreg) and thicknesses (2.5mm vs 5mm 3D woven) samples suggests that it is the 
modelling approach, rather than the material properties used, that is incorrect. 
 
 
Table 58: A comparison of the experimentally determined bending stiffness of the 3D 
woven samples compared with predicted flexural stiffness values 
 
While the assumption of the plate being a clamped beam in three point bending and 
evaluating the bending moments as statically indeterminate seems the logical 
approach it is clear that this method does not work.  
 
As a result the plates were also treated as being simply supported at the boundary of 
the clamping plates and the sample. The reasoning behind trying this was that a 
transition from clamped to free boundary conditions would result in a roughly 75% 
drop in stiffness.  An illustration of the assumed forces and dimensions are shown in 
Figure 177.  
 
Results or flexure conditions (plate vs beam) Slope before the Initial Failure Load (KN/mm) Difference in stiffness (%)
MVR Thin 90 (experimental) 1.11 ‐
MVR Thin 90 plate 2.90 161
MVR Thin 90 beam 2.90 161
MVR Thin 180 (experimental) 1.16 ‐
MVR Thin 180 plate 3.13 170
MVR Thin 180 beam 3.13 170
MVR Thick 180 (experimental) 4.48 ‐
MVR Thick 180 plate 18.25 307
MVR Thick 180 beam 18.22 307
MVR Thick 90 (experimental) 4.79 ‐
MVR Thick 90 plate 20.41 326
MVR Thick 90 beam 20.38 325
RTM thick (experimental) 4.47 ‐
RTM thick plate 18.93 323
RTM thick beam 18.90 323
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In the above situation the loads from A to B, and B to C are: 
 
ܯሺܣܤሻ ൌ ܨݔ2  
 Equation 158 
 
ܯሺܤܥሻ ൌ ܨܮ2 െ
ܨݔ
2  
 Equation 159 
 
 Using the double integration process (as used before for the clamped sample 
assumption) we obtain: 
 
݀ଶݓ
݀ݔଶ ൌ െ
ܯ
ܧܫ ൌ െ
1
ܧܫ ൬
ܨݔ
2 ൰ 
 Equation 160 
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Equation 161 
 
At x = l/2, dw/dx = 0, therefore c1=- FL2/16. 
 
Figure 177: Assumed forces for plate with simply supported ends 
A B C 
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69.5mm 
x 
 307 
 
ݓ ൌ െ 1ܧܫන ቈ
ܨݔଶ
4 െ
ܨܮଶ
16 ቉ ݀ݔ ൌ െ
1
ܧܫ ቈ
ܨݔଷ
12 െ
ܨܮଶݔ
16 ൅ ܿଶ቉ 
 
Equation 162 
 
At x = 0, w = 0, therefore c2 is zero. To find the displacement at the mid-span we 
substitute x for L/2: 
 
ݓ ൌ ܨܮ
ଷ
96 െ
ܨܮଷ
32 ൌ െ
ܨܮଷ
48  
 Equation 163 
 
These results lead to the predictions for load vs displacement for the prepreg and 3D 
woven samples illustrated in Figure 178, Figure 179, Figure 180 and Figure 181. 
 
 
Figure 178: Experimental vs predicted response for the prepreg panels with simply 
supported ends 
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Figure 179: Experimental vs predicted response for the thick and thin 3D woven 
panels made with MVR-444 cured at 1800C. Assumptions of simply supported ends 
 
 
Figure 180: Experimental vs predicted response for the thick and thin 3D woven 
panels made with MVR-444 cured at 900C. Assumptions of simply supported ends 
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Figure 181: Experimental vs predicted response for the thick 3D woven panels made 
with RTM-6 cured at 1800C. Assumptions of simply supported ends 
 
The agreement between the predicted load vs displacement response is clearly far 
better for the assumption of a simply supported plate over a clamped plate. The 
agreement between experimental values and predicted behaviour for the thick 3D 
samples is particularly good.  
 
Results from the prepregs showed that the assumption of a plate appeared to 
provide a better agreement with experimental results for the thin specimens while the 
assumption of a beam provided better agreement for the thick samples. As a result it 
would appear that treating the thin samples as freely supported plates should 
provide reasonably accurate predictions for the flexural stiffness of the thin samples. 
However, the results from the thin 3D woven samples clearly show that this is not the 
case. In the case of the thin 3D woven samples, the layup of such samples result in 
there being very little difference between the predicted load vs displacement 
response of these samples. Further, the predictions for the thin 3D woven samples 
(whether treated as a plate or a beam) are significantly below that experimentally 
observed.  
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Table 59: A comparison of the predicted initial load vs displacement curves between 
experimental and predicted results 
 
However, the fact remains that the predicted stiffness is based on the samples not 
being clamped at their ends, which seems to conflicts with common sense as the 
panels were ‘clamped’ (supposedly) in place by the clamping blocks! The reason 
why the apparently clamped boundaries behave as though they are freely supported 
is not known. 
 
8.4.1.2 Behaviour after Initial Load Drop (ILD) 
 
The gradients of the response of the samples up to the initial failure load were 
measured and then the gradients after initial failure up to final failure were measured 
and are shown in Table 60. 
 
 
Results or flexure conditions (plate vs beam) Slope before the Initial Failure Load (KN/mm) Difference in stiffness (%)
MVR Thin 90 (experimental) 1.11
MVR Thin 90 plate 0.73 ‐34.63
MVR Thin 90 beam 0.72 ‐34.71
MVR Thin 180 (experimental) 1.16
MVR Thin 180 plate 0.78 ‐32.51
MVR Thin 180 beam 0.78 ‐32.60
MVR Thick 180 (experimental) 4.48
MVR Thick 180 plate 4.56 1.82
MVR Thick 180 beam 4.56 1.68
MVR Thick 90 (experimental) 4.79
MVR Thick 90 plate 5.10 6.51
MVR Thick 90 beam 5.10 6.37
RTM thick (experimental) 4.47
RTM thick plate 4.53 1.38
RTM thick beam 4.52 1.23
Thin prepreg (experimental) 0.96
Thin prepreg plate 0.92 ‐8.27
Thin prepreg beam 0.73 ‐27.40
Thick prepreg (experimental) 5.24
Thick prepreg plate 6.74 28.63
Thick prepreg beam 5.77 10.20
 311 
 
Specimen 
Type 
Slope  before 
the  Initial 
Failure Load  
KN/mm 
Slope  after  the 
Initial  Failure 
Load 
KN/mm 
Reduction 
in stiffness 
% 
Prepreg (thin)  0.96  0.54  44.4
NCF (thin)   0.81  0.65  19.4
Thin 3D MVR-444 1800 1.16  0.83 28.2
Thin 3D woven MVR‐444 
900  1.11  1.00 
10.4
Prepreg (thick)  5.24  1.49  71.5
NCF (thick)  3.31  1.13 65.8
Thick 3D MVR‐444 1800 4.48  1.09 75.8
Thick 3D RTM6 1800  4.47  1.48 66.8
Thick 3D MVR‐444 900  4.79  1.16 75.8
Table 60: Gradients of load vs displacement curves for samples before and after 
initial failure load 
 
The drop in stiffness after the ILD for the thick samples was between 66% and 76% 
for the thick samples while for the thin samples the drop in stiffness was less, being 
between 10% and 44%. The drop in stiffness is believed to be due to the samples 
delaminating and evidence for this may be found by examination of C-scans (Figure 
189 and Figure 190) of the samples which show the formation of delaminations in 
samples loaded past the IFL while the presence of delaminations is not apparent in 
the samples loaded to 70% of the IFL. If one considers a beam/plate made of an 
isotropic material it is easily understood that if a solid plate/beam were replaced with 
two plates/beams of half the thickness of the original beam, the combined stiffness of 
the two thinner beams would be a quarter of that of the solid beam. This analogy led 
to the idea that the formation of a delamination within the thick samples may be the 
cause of the change in stiffness as a delamination along the gauge length of the 
sample would effectively split the sample into two thinner beams. Using CLA, the 
drop in flexural stiffness that would result from a delamination could be calculated 
and the predicted drop in stiffness is shown in Table 61. 
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Table 61: Predicted drop in flexural stiffness of the panels if delaminated 
 
The predicted values are based on the assumption that the delamination occurred in 
the middle of the sample for the prepregs, and as close to the middle of the sample 
as would be possible for the 3D woven samples (i.e. between the third and fourth 
layers and the sixth and seventh layers for the thin and thick 3D woven samples 
respectively). In addition, the change in effective layup congruent with the formation 
of a delamination would lead to a partially populated B matrix in some of the new 
effective laminates. However, the magnitude of bend/stretch coupling (B matrix) is 
very small and has been left out as a result. Further, the ABD matrices of the 
effective prepreg laminates that arise after delamination contain non-zero D16 and 
D26 terms, but these are accounted for in the predicted load vs displacement 
response. 
 
A comparison between the predicted drop in stiffness for the samples (as plates or 
beams) provides good agreement for the thick samples. However, this agreement is 
absent for the thin samples. This would appear to indicate that the thick 3D samples 
initially behave as monolithic plates that’s load vs displacement response is due to 
flexural loading in three point bending with simply supported ends. It then follows that 
the initial load drop is due to delamination of the sample leading to the formation of 
two effective laminates after which the load displacement response is still due to 
flexural behaviour. But the stiffness of the panel is significantly reduced due to the 
Material Drop in longitudinal stiffness (plate) Drop in longitudinal stiffness (beam) Drop in transverse stiffness (plate) Drop in transverse stiffness (beam)
% % % %
Thick prepreg 71.96 70.25 72.16 72.95
Thin prepreg 69.04 68.30 76.29 82.05
Thin 3D woven 67.82 72.33 76.02 78.07
Thick 3D woven 75.39 76.20 74.00 74.54
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reduced stiffness of the two effective laminates combined together relative to the 
initial monolithic composite laminate20. 
 
While the assumption of a simply supported sample seems to offer the best 
prediction regarding load vs displacement behaviour it would not be prudent to stop 
this discussion there. The assumption of a simply supported sample results in a very 
different bending moment distribution and magnitude than the results for a clamped 
sample. Figure 182 shows how the magnitude and distribution of bending moment 
resulting from an applied force, F, varies from a simply supported sample to a 
clamped sample. Of particularly note is that the bending moment at mid-span will be 
four times as high for a simply supported sample than as for a clamped sample. 
 
 
 
 
 
 
 
 
 
 
This has significant implications for any attempt to predict the failure of samples 
subject to bolt pull through loading. If the panel were effectively simply supported 
rather than clamped at its ends then the resultant in plane-loadings would be four 
times as great as for the clamped scenario (Table 62).  
                                            
20 The reduction in stiffness would not be 75%, as for an isotropic material. This is due to the different 
layup of the new, thinner, effective laminates 
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Figure 182: Bending moment distribution for a simply supported vs clamped sample.
Assumption of bending moment acting only on one axis with resultant curvature not
constrained in any axis 
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Table 62: Bending moments at initial and final failure loads for simply supported or 
clamped ends 
 
Using the loads at initial and final failure it is possible to determine the layer stress 
distribution through the samples. Figure 183 and Figure 184 show the longitudinal 
and transverse stress through the plies of the thick prepreg sample at the IFL. Figure 
185 and Figure 186 show the longitudinal stress distribution in the effective top and 
bottom laminates of the thick prepreg sample after it has delaminated to form the two 
new effective laminates. The difference in the apparent strain distribution in Figure 
185 and Figure 186 is due to the bottom effective laminate having the opposite 
stacking sequence of the top effective laminate (as the initial delamination free 
laminate was a symmetric layup). The consequence of this can be seen in Figure 
186 being a 1800 rotation of Figure 185 and vice-versa. If the samples were treated 
as being a clamped beam then the relative layer stress distribution would appear the 
same but with the magnitude of the stresses being a quarter of that shown in these 
figures.
Bending moment XX at IFL Bending moment XX at FFL Bending moment XX at IFL (clamped) Bending moment XX at FFL (Clamped)
Nm Nm Nm Nm
Prepreg 180.1 237.9 45.0 59.5
Thin NCF (MVR‐444 1800) 98.2 157.3 24.6 39.3
Thin 3D woven (MVR‐444@1800) 169.9 205.0 42.5 51.2
3D woven (MVR‐444 900) 148.8 231.7 37.2 57.9
Thick Prepreg 353.0 477.6 88.2 119.4
NCF (MVR‐444 1800) 151.0 278.6 37.7 69.6
Thick 3D woven (MVR‐444 1800) 286.7 463.3 71.7 115.8
Thick 3D woven (RTM6 1800) 256.8 454.4 64.2 113.6
Thick 3D woven (MVR‐444 900) 263.9 510.3 66.0 127.6
Material
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Figure 183:  Longitudinal stress 
distribution through thick prepreg 
sample at IFL 
 
Figure 184: Transverse stress 
distribution in thick prepreg at IFL 
 
Figure 185: Longitudinal stress 
distribution through top effective 
laminate of thick prepreg sample at 
FFL 
 
Figure 186: Longitudinal stress 
distribution through bottom effective 
laminate of thick prepreg sample at 
FFL 
 
The above figures are based on the samples behaving as a beam rather than a 
plate. While the ratio of width to length of the gauge area might suggest that the 
sample should be treated as a plate this may not be accurate under these loading 
conditions. If the sample were a plate then the boundary conditions would require the 
sample only having curvature in one direction. For this two happen there must be 
more than one moment in effect on the beam which are a moment My and a moment 
Mxy (due to the coupling effects that can be present in laminated composites). While 
one would assume that the clamping plates at the ends of the sample gauge length 
would be capable of providing such constraining moments it is apparent from the 
experimental results that the samples do not behave as though clamped. As a result 
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the assumption that the clamps provide restraining moments My and Mxy is 
questionable and therefore so too is the assumption of the samples acting as plates.  
 
Further, in typical examples of three (or more) point bending of a plate the central 
point loading of the plate is a line load across the sample width (e.g. from a 
roller/knife edge). Such a loading mechanism would indeed be able to apply 
constraining moments. However, in this instance the central loading is not a 
concentrated line load, it is a concentrated point load from a bolt. While the bolt may 
be able to apply a local constraint (i.e. more than one moment couple) it is not clear 
that it could provide constraint across the width of the sample. These conditions 
(curvature can arise in more than one direction from one applied moment) are the 
boundary conditions of a beam rather than a plate so in this particular load situation 
it may be more accurate to treat the sample as a beam despite the dimensions being 
akin to that of a plate. 
 
The effect of the sample’s deflection being constrained vs unconstrained is 
demonstrated in Figure 187 and Figure 188. These figures show the longitudinal 
layer strain distribution for a thick prepreg load subject to the bending moment Mx 
that occurs at the IFL with either constraint of any deflection other than Kxx (Figure 
187) or no constraint of deflection (Figure 188). 
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Figure 187: Longitudinal layer stress 
for thick prepreg sample at IFL if 
deflection only occurs in one plane 
 
Figure 188: Longitudinal layer stress 
distribution for thick prepreg sample at 
IFL if deflection is not constrained. NB 
the difference in scales (i.e. magnitude 
of stress) between this figure and 
Figure 187 
 
Although it can be seen from Figure 187 and Figure 188 that there is a difference in 
the layer stress distribution between the two, this discrepancy is even more apparent 
when one looks at Table 63. While there is a significant difference between the 
maximum longitudinal stress experienced by the samples (layer 2 and 9), the relative 
difference in the stress experienced by transverse plies and the difference in 
transverse and shear stresses in general can be extremely large (even if the 
absolute difference is not especially large relative to the maximum longitudinal load). 
 
 
Table 63: Percentage difference in layer stress distribution between loading as a 
plate or as a beam   
Layer Longitudinal stress Transverse stress Shear Stress Princiapl stress (11) Principla stress (22) Principal shear stress
Percentage difference Percentage difference Percentage difference Percentage difference Percentage difference Percentage difference
1 -85.9 -617.0 -234.4 -199.3 -41.9 48.3
2 19.5 273.0 100.0 19.5 273.0 100.0
3 -7.6 -55.7 -15.2 -20.0 -116.2 48.3
4 1.1 103.7 100.0 103.7 1.1 100.0
5 19.5 273.0 100.0 19.5 273.0 100.0
6 19.5 273.0 100.0 19.5 273.0 100.0
7 1.1 103.7 100.0 103.7 1.1 100.0
8 -7.6 -55.7 -15.2 -20.0 -116.2 48.3
9 19.5 273.0 100.0 19.5 273.0 100.0
10 -85.9 -617.0 -234.4 -199.3 -41.9 48.3
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However, it should be noted that the difference in stress due to beam or plate 
loading conditions is not general to all the samples tested. For example the effect on 
layer stress distribution between plate and beam loading conditions for the 3D woven 
samples is comparatively small (Table 64). 
 
 
Table 64: Percentage difference between layer stress distribution for thick 3D woven 
sample for plate and beam boundary conditions. These results are for a thick 3D 
woven sample cured at 180 with an MVR-44 matrix 
 
8.4.1.3 Delamination and initial failure 
 
As discussed earlier, it was posited that the samples would delaminate at the IFL 
which would explain the drop in stiffness of the panels. This theory appears to be 
confirmed by the C-scans of the samples. Figure 189 and Figure 190 show C-scans 
taken after testing of the samples. The top most samples in the figures were loaded 
to 70% of the initial failure load (where the drop in stiffness would occur). These 
samples do not show the delaminations present in the samples loaded to failure. 
This suggests that prior to the IFL the samples are not delaminated. The samples 
tested to failure show extensive delamination. 
 
However, comparison of the C-scans of the thick and thin samples reveals a 
difference common to all the sample types. The thick samples of all types were 
delaminated through the entirety of the gauge area while the thin samples, although 
Layer Longitudinal stress Transverse stress Shear Stress Princiapl stress (11) Principla stress (22) Principal shear stress
Percentage difference Percentage difference Percentage difference Percentage difference Percentage difference Percentage difference
1 0.03 0.37 0.00 0.03 0.37 0.00
2 0.09 -4.38 -2.15 -4.38 0.09 5.99
3 0.02 0.25 0.00 0.02 0.25 0.00
4 0.06 -2.76 -1.36 -2.76 0.06 7.51
5 0.02 0.14 0.00 0.02 0.14 0.00
6 0.02 -1.17 -0.58 -1.17 0.02 112.30
7 0.01 0.03 0.00 0.01 0.03 0.00
8 -0.01 0.39 0.19 0.39 -0.01 1.14
9 -0.03 -0.08 0.00 -0.03 -0.08 0.00
10 -0.04 1.92 0.96 1.92 -0.04 2.80
11 -0.21 -0.19 0.00 -0.21 -0.19 0.00
12 -0.07 3.42 1.72 3.42 -0.07 3.35
13 0.22 -0.30 0.00 0.22 -0.30 0.00
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containing delaminations, were not completely delaminated in the gauge area (with 
the possible exception of some of the thin prepreg samples). This would explain why 
the thin samples showed less of a drop in stiffness after the IFL. While the 
delaminated regions would indeed experience a drop in stiffness of approximately 
three quarters, the undelaminated regions would not as their second moment of area 
would remain unaffected.  
 
 
Figure 189: C-scan of thin prepreg 
panel after testing. The top most 
sample was loaded up to just before 
IFL and does not show the 
delaminations present in the other 
samples (loaded to failure) 
 
Figure 190: C-scan of thick prepreg 
panel after testing. The top most 
sample was loaded up to just before 
IFL and does not show the 
delaminations present in the other 
samples (loaded to failure) 
 
Figure 191 to Figure 194 are C-scans of the thin and thick NCF and 3D woven 
samples respectively. The thin samples exhibit less delamination than the thick 
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samples. The thin NCF and 3D woven samples also exhibit less delaminated area 
than the thin prepreg samples. This would explain why the thin NCF and 3D woven 
samples exhibited less of a load drop than the thin 3D prepreg samples. 
 
Figure 191: C-scan of thin NCF 
sample showing extensive 
delamination. However the 
delaminations do not take up the full 
length/width of the gauge area 
 
Figure 192: C-scan of thick NCF 
sample with delaminations across the 
gauge length/width of the sample’ 
gauge area 
 
Figure 193: C-scan of thin 3D woven 
sample made with MVR-444 cured at 
900.  There is extensive delamination 
within the sample. However the 
delaminations do not take up the full 
length/width of the sample’s gauge 
area 
 
Figure 194: C-scan of thick 3D woven 
sample made with MVR-444 and cured 
at 900. There are delaminations across 
the gauge length/width of the sample’s 
gauge area 
 
 
 
8.4.2 Post Initial Failure  
 
If we take it as true that delamination occurs at the IFL it should come as no surprise 
that the load for a given displacement is less than if the sample where  not 
delaminated. However, the load drop does not correspond with that which would be 
expected purely from a change in the weighted second moment of area of the 
laminate/s. The decrease in the load vs displacement response of the samples of 
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approximately three quarters corresponds very well for the thick samples for an 
effective separation of the initial laminate into two new effective results due to 
delamination. However, if the response were purely flexural there should be a 
congruent drop in the load of the same magnitude as the change in slope (i.e. if the 
stiffness drops by three quarters then so should the load). This was not observed; 
while there was a load drop in all cases these drops were not of the same magnitude 
as the drops in flexural rigidity (Table 65: A comparison of the decrease in stiffness 
at IFL and the drop in load at IFL. 
 
Material  
Drop in flexural rigidity  Drop in load 
%  % 
Prepreg (thin)  44.4  19.8 
NCF (thin)   19.4  6.4 
Thin 3D MVR‐444 1800  28.2  2.0 
Thin 3D woven MVR‐444 900  10.4  2.5 
Prepreg (thick)  71.5  28.7 
NCF (thick)  65.8  23.0 
Thick 3D MVR‐444 1800  75.8  16.2 
Thick 3D RTM6 1800  66.8  19.6 
Thick 3D MVR‐444 900  75.8  7.8 
Table 65: A comparison of the decrease in stiffness at IFL and the drop in load at IFL
 
Looking back to the c-scans of the samples it is apparent that there is damage along 
the edge of the gauge length were the end blocks are located. If we consider that the 
sample has hinged at this location after the IFL then the samples would be subject to 
a membrane/tensile loading as the sample delaminates into two effective laminates.  
 
If we treat the panel as a tie that hinges at the interface of the clamping blocks and 
the gauge length we can calculate the load required for a given vertical 
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displacement. While treating a composite panel as a tie may initially seem 
nonsensical it should be born in mind that if the sample experiences a sudden drop 
in flexural rigidity the load at that displacement should also drop in proportion to the 
change in stiffness. However, if the ends of the sample were constrained by a 
horizontal reaction force (i.e. as if there were a hinge at the end of the gauge length) 
the sample would be subject to a extensional loading as a result of vertical 
displacement.  
 
 
Figure 195: Experimental response of thin prepreg sample along with predicted 
flexural response and tensile response (if the panel acts like a tie) 
 
Figure 195 shows the experimental results for a thin prepreg sample along with 
predicted forces from flexure and tension. The load on the sample immediately after 
the IFL is significantly closer to the response to the predicted load for the response 
of a tie at the displacement corresponding to the IFL. It is possible that after the IFL 
the sample is subjected to a combined tensile and flexural loading. If this were the 
case it would help explain the difference between the percentage of load and 
stiffness drop. However, this theory is problematic as examination of Figure 196 
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immediately reveals that the combined tensile and flexural loading after IFL is far 
from sufficient in explaining the load drop of this sample. 
 
 
Figure 196: Experimental response of thick prepreg sample along with predicted 
flexural response and tensile response (if the panel acts like a tie) 
 
8.4.3 Final Failure  
 
After the samples had failed sections were cut out, mounted in polyester resin and 
ground/polished for microscopy. The microscopy images in this section were 
obtained by digitally ‘stitching’ together images taken using a microscope. Typically 
between thirty and sixty images were taken of each sample to create the composite 
images.  
 
Looking at the stitched images of the samples it is immediately apparent that there is 
a significant difference in the damage formation between the 3D woven samples and 
the NCF and prepreg samples. While all samples exhibit significant damage in the 
region surrounding where the bolt pulled through, the propagation of damage from 
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this region through the rest of the sample was significantly less for the 3D woven 
samples than for the NCF or prepreg samples.  
 
Figure 197: Stitched image of 3D woven composite made with MVR-444 cured at 
900C. The region in the red rectangle is enlarged and shown in Figure 203. 
 
 
Figure 198: Stitched image of 3D woven composite made with MVR-444 cured at 
900C 
 
The damage that radiates away from the pull through region in the samples is largely 
in the form of delaminations. In the NCF and prepreg samples the layers have 
delaminated so extensively that the samples appear to have little cohesion after 
failure (it should be noted that cutting the samples with a diamond saw may have 
contributed to this to some extent). In addition, the NCF and prepreg sample exhibit 
a large degree of intraply failure as well as interplay delaminations away from the 
bolt pull through region. 
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While all the interfaces between layers in the 3D woven samples are 0/90 in 
orientation the prepreg and NCF samples have many interfaces where the change in 
fibre orientation is either zero or +/-450. In Figure 199 to Figure 202 red lines have 
been drawn where there are 0/90 ply interfaces. It appears as though the 
delaminations along these ninety degree interfaces are particularly large when 
compared to the damage along other interfaces. This may indicate that the 
interlaminar stress is higher for the 0/90 interfaces than other interfaces. 
 
 
Figure 199: Stitched image of thick NCF sample. Red lines follow delaminations 
between 00 and 900 plies 
 
 
Figure 200: Stitched image of thin NCF sample. Red lines follow delaminations 
between 00 and 900 plies 
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Figure 201: Stitched image of thick prepreg sample. Red lines follow delaminations 
between 00 and 900 plies 
 
 
Figure 202: Stitched image of thin prepreg sample. Red lines follow delaminations 
between 00 and 900 plies 
 
In contrast to the NCF and prepreg samples, the 3D woven samples appear to have 
experienced little damage away from the pull through region. It appears as though 
the out-of-plane stitches have ‘held’ the layers together. However, it should be noted 
that delaminations did radiate away from the pull through zone, just to a much lesser 
degree than for the other materials. These delaminations are not as obvious as in 
the non-3D samples as the delaminations in the 3D woven samples appear much 
finer to the eye and are often stopped/interrupted by the out-of-plane fibres. Closer 
inspection (Figure 203) reveals the presence of delaminations between layers. It 
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appears that the out-of-plane stitches prevented the delaminated regions from 
separating from each other (Figure 203).  
 
 
Figure 203: Close up of the region bounded by the red rectangle in Figure 197.  
 
The prepreg and NCF samples exhibited much more damage away from the pull 
through area this damage but this may not be what initiated final failure, it may 
merely be a result of failure. Examination of the samples loaded to 70% of IFL 
revealed little local damage in the region below the bolt. This suggests that the fibres 
had not failed by this load. Further, the drop in stiffness after the IFL indicates the 
failure at his point is due to the formation of a delamination at, or near, the middle of 
the laminate rather than fibre failure. Although the layers closest to the bolt head (or 
in direct contact with the bolt head upon loading) appear to have failed by fibre 
rupture and transverse tow/ply failure this isn’t clearly apparent for the other 
layers/plies.  
Further examination of the micrographs reveals what might be described as ‘hinges’ 
forming at points along plies/layers. The ‘hinges’ appear easier to view under dark 
field illumination (Figure 204). On the 3D woven samples these hinges appear to 
Delaminations 
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form about the out-of-plane fibre tows near the pull through region. On the prepreg 
and NCF samples the delaminated layers also appear to hinge, but about points 
much further away from the pull through region than in the 3D woven samples. The 
apparent hinge point for a layer appears further from the pull through region as the 
layers distance from the bolt head increases.  
 
The layers closest to the bolt head (or in direct contact with the bolt head upon 
loading) appear to have failed by fibre rupture and transverse tow/ply failure while 
those further away appear to have failed by rotating about an effective hinge which 
allows the bolt to be pulled through these layers. As to which form of damage 
initiated final failure, it is not possible to definitively say. If fibre rupture were the 
initiator then it would be easy to explain why the prepregs performed better than the 
NCFS due to the more even fibre distribution, higher Vf and greater fibre alignment of 
the prepregs vs the NCFs. But if fibre rupture were the cause alone, then the greater 
FFLs exhibited by the 3D woven samples when compared to the prepregs would be 
surprising as the prepregs would also have more even fibre distribution, higher Vf 
and greater fibre alignment than the 3D Woven samples.  
 
On the other hand, if the final failure is a result of the formation of further 
delaminations around the bolt through region then the improved 
damage/delamination resistance of the 3D woven materials compared to the NCFs 
and prepregs would explain their improved performance. It is this authors’ opinion 
that the formation of further delaminations is at least part of the explanation of the 
relative behaviour of the materials tested. However, transverse failure of the fibre 
tows/plies under the bolt head need consideration as a contributing factor and further 
work is needed to investigate this possibility and determine the initiating cause of 
final failure. 
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8.4.4 Effect  of  cure  temperature  and  resin  on  final  failure mode  of  3D woven 
samples 
 
Although there was a slight increase in IFL and decrease in FFL for the samples 
cured at 1800 over the samples cured at 900 it was not possible to discern a 
difference in the way the samples failed from microscopy. In addition, no discernable 
difference in failure mode was discernable between the samples made with RTM-6 
resin and MVR-444 resin.  
 
 
Figure 204: Thick 3D woven sample made with MVR 444 cured at 180oC. ‘Hinges’ 
are highlighted by red circles/ovals. The difference in appearance/contrast to the 
other images is that this image was made from darkfield (as opposed to brightfield) 
images. 
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Figure 205: Thin 3D woven sample made with MVR 444 cured at 180oC. 
 
 
Figure 206: Thick 3D woven sample made with RTM-6 
 
8.4.5 Contact Stresses 
 
That the samples observed behaviour agreed better with predictions based on a 
simply supported beam than those for a clamped beam was surprising. The 
implication of this is that the clamp edges do not provide a counter moment to that 
caused by the loading of the bolt. A possible cause of this would be the formation of 
a hinge at the edge of the clamping plates. For a plastic hinge to form here, it would 
be necessary for the contact stress acting on the plate to exceed the through 
thickness yield strength of the composite. 
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According to Hertzian contact stress analysis, the maximum contact stress between 
two parallel rollers can be found using Equation 164 (1). 
 
௠ܲ௔௫ ൌ ൬ܧ
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Equation 164 
 
Where E* is the effective modulus and R the effective contact radius. Which are 
defined by Equation 165 and Equation 166 respectively (1). 
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Equation 165 
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Equation 166 
Assuming a Vf of 60%, the values for the through thickness moduli and strength can 
be predicted using micromechanics. The predicted values for strength and stiffness 
using Spencer’s method are shown in Table 66 
 
Material Modulus Strength 
Gpa Gpa 
3D woven (MVR-444) 7.80 92.2 
3D woven (RTM6)  7.98 82.4 
Table 66: Predicted through thickness moduli and strength of 3D woven composites 
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Rearrangement of Equation 164 yields Equation 167: 
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Equation 167 
The clamping plates had a radius of curvature of 3mm (as specified by the Airbus 
standard). If we take this radius of the composite plate as being infinite it is possible 
to calculate the force required for the sample to yield (and thus form a plastic hinge). 
 
Material Yield Force 
N 
3D woven (MVR-444) 216 
3D woven (RTM-6)  168 
Table 67: Reaction force at radiused edge of clamp required for yielding 
 
As can be seen from Table 67, the reaction force acting on the plate edge is merely 
a few percent of the load at initial failure for the samples. However, the relationship 
between the load applied by the bolt and the local reaction force at the clamp edge is 
hard to define. If the clamping plates attached to the samples are assumed to be 
rigid then the pressure applied by the clamping plates must be constant and the load 
applied through the bolt would need to be 91KN or 71KN for the MVR-444 and RTM-
6 samples respectively. 
 
Alternatively, if one considers that the beam within the clamp not to be ‘perfectly’ 
clamped then the bolt load for failure can be vastly different. 
  
For example; if we consider that, prior to the formation of a hinge, the beam is 
effectively clamped then it follws that a fixing moment is applied to the beam by the 
clamps. Let us the assume that the inside edges of the clamps act as supports and 
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that the outside edges provide a reaction force such that the resultant moment is 
equivalent to the fixing moment required for a clamped beam. 
 
In thise case we can split the load situation into two constituent scenarios; a four 
point bend situation combined with a three poin bend scenario. These scenarios are 
shown in Figure 207. Superposition of the scenarios will yield the overall result 
(based on the assumptions made). 
 
Figure 207: Idealisation of loading. a.) Overall load situation; b.) Four point bend 
loads; c.) Three point bend loads 
 
The moment distribution for the three and four point scenarios and their resultant are 
shown in Figure 208. 
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Figure 208: Moment distribution from b.) three point bend; c.) four point bend; a.) the 
resultant moment distribution 
 
Based on the load and moment distributions illustrated in Figure 207 and Figure 208, 
the load appied throught the bolt for yielding at the clamp edge to occur would be 
148N and 115N for the 3D woven samples with MVR-444 and RTM-6 matrices 
respectively. 
 
While the resultant moment distribution between the clamps is the same as that for a 
clamped beam it should be noted that there is a non-zero distribution of moments 
within the clamped regions. Such a moment must necessarily give rise to curvature 
within these regions. However, such curvature is incompatabile with the assumption 
of rigid clamps. 
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The assumption that the clamp blocks are rigid is hard to reconcile with the apparent 
boundary conditions and the experimental results. An alternative would be to treat 
the blocks as elastic. 
 
A variety of methods for analysing a beam on elastic foundation exist. In this 
instance, Zshemochkin’s Method for a beam on an elastic half-space will be used. In 
such a scenario the force in the supporting clamps can be found using Equation 169. 
 
݌ ൌ ݌ҧ 34.75 כ 10
ିଷܨ
4ܾ כ 5.625 כ 10ିଷ 
 Equation 168 
 
The term ‘݌ҧ ‘ is a coefficient that varies along the length of clamps. It is a function of 
the relative stiffness of the beam and the clamp, the length of the clamp, and the 
loading geometry and is found using Zshemochkin’s Method. The pressure 
distribution that would arise from a load through the bolt is shown in Figure 209 
 
 
Figure 209: Distribution of reaction forces across a clamp 
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The moment distribution within the clamps can also be found and the moment within 
the clamps as a function of the fiing moment is shown in Figure 210. 
 
Figure 210: Moments within clamp as a proportion of the fixing moment 
 
8.4.5.1 Contact Stress Conclusions 
 
Yielding of the sample at the edge of theclamps seems like a viable cause for the 
bending behaviour of the samples tested. The force required to act along the edge of 
the clamps is very low relative to the loads applied to the sample. However, it is hard 
to say how the applied load would be distributed and as a result it is notknown what 
the loading at this section is. Treating the samples as being clamped and as being 
under a five point bend type load show possible extremes in the amount of load 
through the bolt required for yielding to occur. However, the assumption of rigid 
clamps appear unrealistic and is incompatable with the effective boundary conditions 
observed. A potentially more realistic approach would be to assume that the clamps 
are elastic. While further work is certainly required if the beam is assumed to be on 
an elastic support it is hoped that the brief overview of pressure and moment 
distributions that were found for these tests may provide some insight into the force 
distributions within the clamps. 
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8.5 Conclusions 
 
The prepreg samples sustained the highest load before initial failure, followed by the 
3D woven materials with the NCF being the weakest. Although the NCF samples 
were thinner than the comparable prepreg and 3D woven samples the decreased 
thickness of these samples does not seem capable of explaining the lower strengths. 
The 3D woven samples cured at 90o did not exhibit as high IFLs as the 180o cured 
samples. It is possible that the free edge stresses arising around the hole were 
compressive for these materials. If this were the case then greater residual stress 
(which would increase with cure temperature) would result in greater 
compressive/crack closing forces acting between plies around the hole. As it is 
believed that the cause of initial failure (and most likely a factor in final failure) is 
delamination between the plies this would seem possible, although this requires 
further investigation 
 
The 3D woven samples demonstrated the highest FFLs, followed by the prepregs 
and then the NCFs being the weakest. In contrast to the IFLs of the 3D woven 
samples, the 3D woven samples cured at 900 demonstrated the highest FFL. While 
there are multiple modes of failure that have been identified as possible causes, their 
interaction, and thus the ability to predict and design for final failure, is undetermined. 
 
The response of the samples up to IFL appears to be flexural. However, the 
boundary conditions that define the flexural response remain unclear. While treating 
the samples as being clamped by the loading blocks the predictions for load vs 
displacement based on these boundary conditions are clearly incorrect when 
compared with experimental results. If the samples are treated as being simply 
supported at the ends then the predictions from flexure are in much better 
agreement with the experimental results. A possible cause of such behaviour would 
be the presence of a hinge at the edge of the clamps. Such a hinge could arise due 
to local contact stresses at the clamp edge leading to yielding. Such a scenario 
would lea to a plastic hinge which would provide an explanation for wh the samples 
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behaved as though rotation was not constraied at the edge of the clamps. However, 
the nature of the force giving rise to such contact stresses is unclear. 
 
Given the dimensions of the sample and the presence of clamping block it would 
also seem logical to treat the sample as a plate rather than a beam. But given the 
discrepancy between the results and predictions when treating the samples as 
having a restraining moment applied in one axis, it seems prudent to consider that 
the end block may not be applying other constraining moments in others too (an 
assumption necessary for treating the samples as plates). While the effect of treating 
the samples as plates rather than beams has a less significant effect on the 
predicted load vs displacement response than the effect of clamped vs free edges, 
the effect on the layer stress distribution is in fact quite large. In order to better 
understand and predict behaviour up to IFL it is clear that further work needs to be 
done to definitively ascertain the boundary conditions the samples experience in bolt 
pull-through loading. 
 
 At IFL the samples appear to delaminate leading to a drop in stiffness. The 
experimentally observed drop in stiffness and the predicted drop in stiffness from the 
formation of a mid-laminate delamination appear to be in good agreement for the 
thick samples. However, the agreement is not there for the thin samples. 
Examination of C-scans of the samples revealed that while the thick samples 
exhibited delaminations across the entirety of the gauge area the thin samples did 
not and it is likely that this is the cause for the reduced drop in stiffness. In either 
case, an improvement in the delamination resistance (i.e. from using a resin with a 
higher ILSS) of these materials is likely to lead to an improvement in bolt pull through 
performance. However, the drop in load was not consistent with a purely flexural 
response. If the loading were purely flexural the drop in load should have been 
directly proportional to the drop in stiffness. It is possible that the formation of a 
delamination lead to a tensile load within the samples. Other possible loading 
situations should also be considered. 
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While the precise interaction and cause of the various forms of damage that occur at 
the FFL has not been determined it seems likely that the formation of further 
delaminations around the bolt pull through region (which would lead to local 
softening) plays a part. If this proves true then improving the resistance of the 
materials to such delaminations should improve performance once again. For 
example, improving the ILSS of the resin system is likely to lead to improvements in 
performance for any of the fibre architectures used herein. Another possibility would 
be to design the layup to result in compressive and/or minimize tensile the free edge 
stresses around the bolt hole. 
 
Finally, it appears that if a bolt were to be pulled through a CFRP panel made from 
either prepregs, NCFs or 3D woven materials the damage would be more localized 
in a 3D woven panel than in a prepreg or NCF panel. 
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9 Conclusions 
 
Micro-cracking was observed in 3D woven samples cured at 1800 and 1350. This 
behaviour was not observed in NCF samples made with the same resin, cure cycle 
and equipment and thus appears specific to the 3D woven composites. Nor has this 
behaviour been reported in the literature. The cause of the micro-cracking has been 
identified as thermal stress arising from the mismatch in thermal expansion 
coefficients between the matrix and carbon fibre. Analysis of residual thermal stress 
using CLA did not provide an explanation for the onset of micro-cracking at the cure 
temperatures used. It has been demonstrated that micro-cracking can be avoided by 
using a suitably low cure temperature. 
 
The performance of orthogonal 3D weave CFRPs produced by the 3WEAVE(R) 
process was determined using a variety of tests. The 3D woven CFRPs proved to be 
particularly resilient to out-of-plane loads when compared to 2D composites. In 
particular, the 3D woven composites exhibited significantly less damage after impact 
than the NCF or prepreg materials. Damage formation in the 3D woven samples 
appeared to be constrained by the out-of-plane fibres. The out-of-plane fibres in the 
3D woven composites appeared to constrain damage during bolt pull through testing. 
 
Bolt Pull Through testing showed that the response of samples up to their Initial 
Failure Load was dominated by flexure. Delaminations would form at the IFL, 
reducing the flexural rigidity of the samples and resulting in a drop in the gradient of 
the load vs displacement curve. The drop in load (or lack thereof) that occurred 
concurrently with the drop in stiffness of the samples cannot be explained by flexural 
loading alone. It is likely that a membrane loading component arises upon 
delamination to some degree. These findings are in contrast to some of those 
published in the literature (61)(63). Published literature has defined the response of 
samples under Bolt Pull Through loading as being dominated by membrane 
loadings. Membrane loading to such an extent is incompatible with the result 
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obtained in this thesis. In addition, the membrane loading conditions described in 
(61) also (63) appear inconsistent with their own references. 
 
However, analysis of Bolt Pull Through testing results revealed that intuitive 
assumptions about the loading conditions are likely wrong. Despite the samples 
being bolted between clamping plates, the load vs displacement response of the 
samples could not be reconciled with clamped boundary conditions. Without 
definitive knowledge of the boundary conditions it is not possible to reliably discern 
the root cause of failure of the composites tested. While this author strongly suspects 
that membrane forces do not play as dominant a role as described in the literature 
the question will remain open until Bolt Pull Through testing with precise knowledge 
of the boundary conditions is performed. 
 
The tensile strength and stiffness of the 3D woven composites was much higher than 
the equivalent NCFs. In only one test (Bolt Shear Out) did the 3D woven material not 
seem superior to the other composites tested. As all other factors (e.g. fibre type, 
resin, cure cycle etc...) were kept the same it follow that the architecture and relative 
lack of crimp of the 3D composite are the cause for this improvement. In addition, the 
in-plane performance of the 3D woven composites tested appears superior to much 
of the 3D woven CFRPs described in the literature. This is likely due to the 
manufacturing process used to make the 3WEAVE material used. It is apparent from 
images in the literature of other orthogonal 3D woven composites that large there is 
a large degree of fibre crimp in these materials. The fibre crimp in the 3WEAVE 
material is difficult to distinguish with the naked eye and appears low by comparison.  
 
The evaluation of the mechanical properties of 3WEAVE CFRPs and the comparison 
of these properties with equivalent NCF and prepreg materials has provided insight 
into the effect of out-of-plane reinforcement on the performance of FRPS. But the 
most significant advancement in understanding is provided by the development of a 
new modelling approach for FRPs with a discernable degree of crimp. The new 
model approaches the problem of crimp on a micro-scale. More precisely, the model 
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treats a composite as being a heterogeneous substance containing orthotropic fibres 
with varying degrees of mis-orientation to the direction of the tow containing them. 
The modelling approach was developed with 3D woven composites in mind but is 
not limited in its applicability to these materials.  
 
The new model can account for varying crimp across and along a section of a 
tow/element. Current methods only consider a fixed degree of crimp across a section 
of a tow/element. To this author’s knowledge this is the first model that considers 
crimp at the fibre level and that can account for the effect of varying crimp within a 
tow.  
 
The method was used to predict the stiffness and strength of the 3D woven materials 
tested. Even at this nascent stage the method shows strong potential as a modelling 
approach for 3D woven composites. Further, the model intrinsically has the ability to 
consider crimp at the meso-scale (i.e. misalignment of an entire tow). The model 
would also be suitable for analysis of 2D composites. Output from the micro-
mechanics based model would be universally suitable for coarser models adopting a 
meso and/or macro-scale approach. 
 
The purpose of the work carried out was to ascertain the suitability of orthogonally 
woven 3D composites for aerospace application, and for Airbus in particular. A 
primary interest in 3D woven composites for such applications is the potential for 
improved damage tolerance and in this area the 3WEAVE composites delivered. But 
despite this achievement these composites are unlikely to be suitable for aerospace 
applications. Components made with these materials and cured at higher temps 
would fail NDE and quality control standards due to micro-cracking. Curing 
components at a temperature low enough to avoid micro-cracking would take an 
unacceptably long time. In addition, the temperature extremes that the material may 
experience in service would lead to micro-cracking.  
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Another barrier to the use of these 3D woven materials is their layup. One of the 
great benefits of designing with composites is the ability to design a lay-up for a 
specific design load. Or for a general load case, a quasi-isotropic lay-up containing 
fibres aligned in at least three, but typically four, directions can be used. The 
3WEAVE material is only available in a cross-ply layup and is not produced to suit 
either of these situations. While it would be possible to lay-up multiple sheets of 
3WEAVE at different orientations, doing so would negate much of the benefit of the 
out-of-plane reinforcement. Laying up multiple sheets of 3WEAVE (or any other 3D 
woven composite) would reintroduce weak, unreinforced layers into the material. 
This inflexibility in fibre orientation within 3D woven composites is likely to be the 
greatest barrier to their implementation.  
 
Multi-axial 3D woven composites may become available in the future. Alternative 
matrix materials, particularly thermoplastics, can likely resolve the micro-cracking 
problem. If these two developments are realised then 3D woven composites could 
open many new applications to composite materials and improve performance in 
areas where they are already deployed. 
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10 Further Work 
 
There is a large degree of variation in the architecture of 3D woven composites, 
even those of ostensibly the same type. There is a need for a more precise 
classification system of 3D woven composites as the architecture, and consequently 
the behaviour, of 3D woven composites of the same class (e.g. 3D orthogonal 
weave) can vary enormously. Possible classification schemes could be based on the 
weaving equipment used to produce the material. Alternatively, a more quantitative 
method would be to base the classification system on the fibre crimp within the 
material. However, this would likely be more difficult as the degree of crimp would 
not relate just to the weaving process but also to the handling and manufacturing 
techniques used to fabricate composites from such materials. 
 
There are a wide range of methods to model crimp within composite materials at the 
meso-scale. In addition there are more advanced methods for analysing the 
mechanics of laminated composites than CLA, first and higher order shear 
deformation theories immediately come to mind. But as long as such models do not 
take into account crimp on the micro-scale they are destined to inaccurately model 
composites, even if they do so with greater precision. Consequently it is this author’s 
opinion that the most benefit will be derived from the refinement of models that 
account for in-plane crimp  along with the development of methods to measure fibre 
crimp. 
 
The ability of any model to predict the behaviour of composites is limited by the 
quality of the data used. Therefore the development of accurate methods to 
determine the crimp within composites should be a priority. Computed tomography 
equipment with the ability to resolve carbon fibres from a carbon based matrix would 
be a revelation for research into composite materials. However, equipment capable 
of accurately discriminate reinforcement from the matrix is unlikely to become 
standard equipment in the near future. The most likely path for improvement is digital 
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image analysis methods. The ever increasing resolution of CCD/CMOS sensors 
should result in images of a high enough resolution for quantitative fibre crimp 
determination without having to digitally stitch vast numbers of images together. 
 
10.1 Modelling 
 
A model that predicts the effects of in-plane crimp on FRPs has been developed. 
However, it is the first model that deals with in-plane crimp in composite materials. 
As a result, this nascent field of modelling has a large scope for further work. While 
the model was developed to deal with the 3D woven composites used in this thesis it 
should be equally applicable to other fibre reinforced composites. 
 
The assumed Vf of the samples used for the calculations was essentially an 
educated guess. Accurate determination of Vf is necessary for more accurate 
modelling of the materials. Test methods such as acid digestion would provide an 
accurate measure of the bulk Vf of the material. However, the Vf of the materials may 
not be constant between, or even within, layers. There is the possibility of using 
digital image analysis in conjunction with microscopy for determining local Vfs and 
this is an avenue worth further investigation. 
 
As with the current models that account for crimp, the accuracy of the in-plane crimp 
model requires accurate knowledge of the geometry of the reinforcing fibres. The 
method used for determining in-plane fibre misalignment for the in-plane crimp 
model was, for lack of a better description, crude. It is this author’s belief that digital 
image analysis could provide far more robust data on the crimp in composites (both 
in-plane and out-of-plane). Cox and Dadkhah’s approach (22) could form a starting 
point for such an approach as long as the deficiencies of their method are accounted 
for. For example, averaging the fibre misalignment over the unit cell of a material will 
not lead to an accurate result. However, if reasonable approximations of the path of 
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the perimeter of the fibre tows can be generated then the equation defining that path 
can be used as an input for the in-plane crimp model. 
 
The in-plane crimp model, as used in this thesis, only considers in-plane crimp at the 
fibre level. However, many composites (textile composites in particular) exhibit out-
of-plane crimp significant enough to affect the properties of these materials. 
Combining the in-plane crimp model with one of the many out-of-plane crimp models 
will yield a more precise model for the behaviour of composites. Current methods for 
out-of-plane crimp all assume that fibres are mutually aligned but this may not be 
realistic so consideration should be given to the possibility of variable crimp at the 
fibre level.  
 
It is worth noting that the in-plane crimp model is unique in its ability to account for 
varying degrees of fibre crimp in a given slice though a tow where current models 
can only deal with a fixed degree of crimp through such a segment. However, the in-
plane crimp model is also intrinsically capable of dealing with misalignment of the 
tow as a whole (meso-scale) as well as misalignment of the tow on the micro-scale. 
This can be achieved by altering the period of integration to account for the meso-
scale misalignment. The application of the in-plane crimp model in this thesis has 
been limited to analysis of the effect microscopic crimp but this can be regarded as a 
special case of the in-plane crimp model. The in-plane crimp model would be equally 
capable of modelling out-of-plane crimp by simply treating a transverse section 
through the material as a very small ply. 
 
The in-plane crimp model could be used in a general case to generate the full three 
dimensional stiffness/compliance matrices of a composite lamina. In this general 
case of the in-plane crimp model the need for combining the in-plane crimp model 
with other models would be negated. Such a 3D version of the in-plane crimp model 
would provide a very versatile model for the behaviour of a lamina as it would 
account for fibre orientation/crimp on all scales; micro-, meso- and macro-scale. 
While 3D analysis is significantly more time consuming (or computationally 
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expensive) it may prove to be sufficient to use a 3D approach to accurately 
determine the 2D properties of individual lamina and 2D analysis (for use with CLA, 
FEA etc...). 
Two models of strength of a lamina with micro-scale crimp have been developed. 
For the tests done it is this author’s belief that the fibre strain limited model is likely to 
prove to be the more robust. However, only testing in-line with the principal 
directions of composites was performed. Off-axis testing to establish the accuracy of 
both the stiffness and strength predictions of the model should be performed. 
 
10.2 Test methods 
 
During the course of the literature review it became apparent that consideration of 
the size of the unit cell of 3D woven composites in relation to sample sizes for 
experimental analysis has not been considered. It was required that the test methods 
used in this report were closely based on Airbus standard test methods that (based 
on the specified sample dimensions) were designed primarily with prepregs in mind. 
It would be prudent to evaluate the effect of sample size (and width in particular) on 
both the mechanical properties obtained and the scatter in results. 
 
Test methods for composite materials often have their roots in methods for testing 
polymers. Test methods for polymers often specify sample geometries with a ‘waist’ 
or other curvature. Such specimen geometries are known to have significant 
deficiencies when used with fibre reinforced composites. As a result, test methods 
and sample geometries specifically for FRPs have been developed by a range of 
organisations. However, much of the test data for 3D woven composites found in the 
literature was obtained using sample geometries that would not be considered 
acceptable for producing design quality data for FRPs. Ideally, testing of 3D woven 
composites should adhere to a standardised test method specific to FRPs. It would 
be preferable for a set of standardised test methods to be developed specifically for 
the testing of 3D woven composites. Such a series of test methods should be 
developed with consideration of the unit cell size of 3D woven composites. The 
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universal implementation of such methods would make for more reliable comparison 
of material performance. There are barriers to such a scheme beyond development 
and dispersion of such methods (should they be developed). One of particular note 
is the strength of the 3D woven composites investigated in this thesis. The thick 
samples were approximately 5mm deep, which is a large for a FRP specimen. As a 
result of the size of the thick 3D woven tension samples the failure loads of these 
samples consistently exceeded 100KN. Although these loads were well within the 
limits of some of the available load frames they were beyond the capacity of some of 
the fixtures used. Load pins and bearings in the sample grips would deform under 
the loads s tests on the thick 3D woven samples. This necessitated the liberal use of 
a hammer after each test to liberate test fixtures from the load frame. Some number 
of load pins were also destroyed in the process (Figure 211). Thus any test method 
developed should also consider the load capabilities of test fixtures typically used in 
laboratories whilst not unduly compromising the reliability of the method.   
 
 
Figure 211: Load pin broken during tensile testing. Gouges on the surface of the 
bottom piece are from removing the load pin with a hammer after earlier tests 
 
Conventional methods for determining strain, such as strain gauges and 
extensometers, produce a value that is essentially an average over their measuring 
area. For materials that exhibit a homogenous strain field this is fine. Textile 
composites, including 3D woven composites, are heterogeneous structures and so 
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too is the strain field that develops in these materials. Methods such as DIC provide 
the ability to map the heterogeneous strain fields that arise in textile composites. The 
use of such methods when testing textile composites is to be encouraged so as to 
provide knowledge of both the bulk and local strains that develop. 
 
Resolving the strain field that develops across a unit cell would be particularly useful. 
There are difficulties in using DIC at such a fine scale. Examining such localized 
strains would require that a very small area of the sample being recorded by the 
camera in order that the images captured provide sufficient detail. Movement of the 
samples as it deforms is likely to move the area of interest out of view. In addition, 
viewing such small areas means that the amount of light entering the camera is very 
low thus requiring the use of very slow exposure times and/ or high levels of gain 
(i.e. high ISO settings).  The cameras that typically come with DIC packages would 
struggle with noise and/or image blur under such circumstances. But during this 
thesis the use of a consumer digital SLR camera has proven an effective source of 
images for DIC.  Professional level DSLR cameras (e.g. Canon EOS 5D Mk 2) have 
high resolution sensors that would produce sufficiently detailed images while 
capturing an area large enough that the sample does not move out of view during 
loading. In addition such cameras have large sensor chips (and consequently large 
pixel sensors) resulting in excellent noise control (even at high ISO settings). Large 
aperture macro lenses are also available for them enabling fast shutter speeds. Such 
a setup would be worthy of investigation for evaluating the development of strain at a 
fine scale. 
 
10.3 Micro­cracking 
 
Micro-cracking was observed in the matrix of the 3D woven materials cured at either 
1350C or 1800C. This phenomenon has not been reported elsewhere to this authours 
knowledge. Experimentation with resin systems and cure temperatures strongly 
suggest that the cracking is a result of thermally induced stress. Although the cause 
of this cracking has been identified its understanding remains vague. 
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In order to better understand the micro-cracking mechanism it would be necessary to 
use a full field strain resolving method, such as DIC, to determine the development 
of strain as the material cools down from its cure temperature. This poses a variety 
of problems as the equipment for methods like DIC would not survive the curing 
conditions for the composites under investigation. The tooling and materials used to 
manufacture the samples would obscure the sample from view. Further difficulty 
arises for methods like DIC in providing a suitable pattern for analysis. Further, even 
if these problems were resolved it would only be possible to observe the surface of 
the samples. 
 
A possible solution to the above methods would be to start with a sample cured at a 
sufficiently low temperature that micro-cracking does not occur on cooling to room 
temperature. Using a cryogenic stage on a microscope it would be possible to 
simulate the temperature change that causes micro-cracking without subjecting 
sensitive equipment to the cure cycle. In addition it would be possible to cut the 
sample to allow visualisation through the thickness of the material.  After curing, the 
sample would be cut into appropriate specimens and a very fine speckle pattern 
applied, possibly with an airbrush. The sample would then be loaded onto a 
cryogenic stage under a microscope (or possibly a high resolution/magnification 
DLSR and lens combination). After a reference image has been recorded the sample 
would be cooled down and images recorded. The images would then be processed 
in the same manner as regular images for DIC. 
 
10.4 Bolt Pull Through 
 
The testing carried out revealed that an assumption of clamped boundary conditions 
for Bolt Pull Through testing would be incorrect. In order to model such a loading 
situation (or any other for that matter) it is critical that the boundary conditions are 
known. As a result further investigation into the boundary conditions in operation in 
bolt pull through testing is a necessity if accurate models are to be developed. 
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Further work on BPT of composites should focus primarily on creating test methods 
where the boundary conditions can be known definitively. Towards this end the first 
suggestion is to fabricate a three point bend test rig with the samples supported on 
rollers and loaded through the bolt in the centre. Such a setup should guarantee that 
the sample behaves as though simply supported. DIC should be used to evaluate 
the strain field along the sample edge to ensure that the boundary conditions are 
those of a simply supported beam. In addition, the strain fields from DIC should allow 
for the determination of the type of response of the panels (i.e. flexural and/or 
membrane loading). 3D DIC could also be used to determine whether the samples 
would be better modelled as a beam (i.e. curvature in multiple directions) or a plate 
(curvature constrained to one axis).  
 
A BPT test-fixture, like that used in this report, should also be used to evaluate 
samples but with the modification of adhesively bonding the samples into the 
clamps. This should ensure that the sample is in fact clamped. DIC should be used 
to verify the boundary condition in this case as well. The benefit of testing samples 
under both clamped and simply supported conditions is that it would enable the 
differentiation of the effects of in-plane and out-of-plane loadings on material 
response and failure. For a given out-of-plane load, the simply supported test 
apparatus will produce in in-plane forces that are four times as high as that for a 
clamped specimen assuming that both samples behave the same (i.e. both behave 
as beams or both behave as plates). 
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11 Appendix  
 
11.1 Appendix  
 
This section will go through the integration of the trigonometric terms necessary for 
the in-plane crimp model. The in-plane crimp model define the integration constant 
be zero and as a result the integrations are expressed without such a term. The 
integrands will then be used to produce expressions for the terms of the Stiffness 
matrix. 
 
11.1.1 Integration of trigonometric identities 
 
11.1.1.1 ׬ ࢉ࢕࢙૝ࣂࢊࣂ 
 
ܿ݋ݏସߠ ൌ ܿ݋ݏଶߠ ൈ ܿ݋ݏଶߠ  Equation 169 
 
ܿ݋ݏଶߠ ൌ ൬1 ൅ ܿ݋ݏ2ߠ2 ൰ 
 Equation 170 
 
ܿ݋ݏସߠ ൌ ൬1 ൅ ܿ݋ݏ2ߠ2 ൰
ଶ
ൌ 14 ሺ1 ൅ 2ܿ݋ݏ2ߠ ൅ cos
ଶ2θሻ  Equation 171 
 
Substituting Equation 104 into Equation 105 yields: 
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ܿ݋ݏସߠ ൌ 14 ൬1 ൅ 2ܿ݋ݏ2ߠ ൅
1
2 ൅
ܿ݋ݏ4ߠ
2 ൰
ൌ 38 ൅
ܿ݋ݏ2ߠ
2 ൅
ܿ݋ݏ4ߠ
8  
 
Equation 172 
 
11.1.1.2 ׬ ࢙࢏࢔૝ࣂࢊࣂ 
 
ݏ݅݊ସݔ ൌ ݏ݅݊ଶݔ ൈ ݏ݅݊ଶݔ  Equation 173 
 
ݏ݅݊ଶݔ ൌ 1 െ ܿ݋ݏ2ݔ2  
 Equation 174 
 
Substituting Equation 174 into Equation 173 yields 
 
 ݏ݅݊ସݔ ൌ ቀଵି௖௢௦ଶ௫ଶ ቁ
ଶ ൌ ଵସ ሺ1 െ 2ܿ݋ݏ2ݔ ൅ ܿ݋ݏଶ2ݔሻ 
 
 
Equation 175 
 
 ܿ݋ݏଶ2ݔ ൌ ଵା௖௢௦ସ௫ଶ  
 
 
Equation 176 
 
Substituting Equation 176 into Equation 175 provides Equation 177 
 
 ݏ݅݊ସݔ ൌ ଵସ ቀ1 െ 2ܿ݋ݏ2ݔ ൅
ଵ
ଶ ൅
௖௢௦ସ௫
ଶ ቁ ൌ
ଷ
଼ െ
௖௢௦ଶఏ
ଶ ൅
௖௢௦ସఏ
଼  
 Equation 177 
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11.1.1.3 ׬ ࢙࢏࢔૝ࣂࢉ࢕࢙૝ࣂࢊࣂ 
 
ݏ݅݊ସߠܿ݋ݏସߠ ൌ ൬38 െ
ܿ݋ݏ2ߠ
2 ൅
cos4ߠ
8 ൰ ൬
3
8 ൅
ܿ݋ݏ2ߠ
2 ൅
cos4ߠ
8 ൰
ൌ cos8θ െ 16cos4θ ൅ 2252048  
 
 
Equation 178 
 
නݏ݅݊ସߠܿ݋ݏସߠ ݀ߠ ൌ නcos8θ െ 16cos4θ ൅ 2252048 dθ 
 Equation 179 
 
  
 
නݏ݅݊ସߠܿ݋ݏସߠ ݀ߠ ൌ ݏ݅݊8ߠ16384 െ
ݏ݅݊4ߠ
512 ൅
225ߠ
2048 
 Equation 180 
 
 
11.1.1.4 ׬ ࢙࢏࢔૛࢞ࢉ࢕࢙૛࢞ࢊ࢞ 
 
ݏ݅݊ଶݔܿ݋ݏଶݔ ൌ ൬1 െ ܿ݋ݏ2ݔ2 ൰ ൬
1 ൅ ܿ݋ݏ2ݔ
2 ൰ 
 Equation 181 
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1
4 െ
ܿ݋ݏଶ2ݔ
4 ൌ
1
4 െ
1 െ ܿ݋ݏ4ݔ
8 ൌ
1
8 െ
ܿ݋ݏ4ݔ
8  
 Equation 182 
 
 
 න ݏ݅݊ଶݔܿ݋ݏଶݔ݀ݔ ൌ න18 െ
ܿ݋ݏ4ݔ
8 ݀ݔ ൌ
ݔ
8 െ
ݏ݅݊4ݔ
32  
 Equation 183 
 
11.1.1.5 ׬ ࢙࢏࢔૜ࣂࢉ࢕࢙ࣂࢊࣂ 
 
Substitute   
ݑ ൌ cosሺߠሻ , ݀ݑ ൌ െݏ݅݊ߠ  Equation 184 
 
නݏ݅݊ଷߠܿ݋ݏߠ݀ߠ ൌ െනݑଷ݀ݑ  Equation 185 
 
െනݑଷ݀ݑ ൌ െݑ
ସ
4 ൌ െ
1
4 cos
ସ ߠ  Equation 186 
 
 
11.1.1.6 ׬ ࢉ࢕࢙૜ࣂ࢙࢏࢔ࣂࢊࣂ 
 
Substitute 
 
ݑ ൌ sinሺߠሻ , ݀ݑ ൌ ܿ݋ݏߠ  Equation 187 
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නܿ݋ݏଷߠݏ݅݊ߠ݀ߠ ൌනݑଷ݀ݑ  Equation 188 
 
නݑଷ݀ݑ ൌ ݑ
ସ
4 ൌ
ݏ݅݊ସߠ
4  
 
Equation 189 
 
 
11.1.1.7 Stiffness Matrix Terms  
 
തܳଵଵ ൌ 1ߠ௠௔௫ න Qଵଵܿ
ସ൅Qଶଶݏସ ൅ 2ሺQଵଶ ൅ 2Q଺଺ሻsଶcଶ
ఏ೘ೌೣ
଴
 
 
Equation 190 
 
 
തܳଵଵ ൌ 1ߠ௠௔௫ ൤Qଵଵ ൬
3
8 ൅
ܿ݋ݏ2ߠ
2 ൅
ܿ݋ݏ4ߠ
8 ൰൅Qଶଶ ൬
3
8 െ
ܿ݋ݏ2ߠ
2
൅ ܿ݋ݏ4ߠ8 ൰ ൅ 2ሺQଵଶ ൅ 2Q଺଺ሻ ൬
ݔ
8 െ
ݏ݅݊4ݔ
32 ൰൨଴
஘ౣ౗౮
 
Equation 191 
 
 
 
Qଵଶ௏ிை ൌ 1ߠ௠௔௫ නሺܳଵଵ൅ܳଶଶെܳ଺଺ሻݏ
ଶܿଶ൅ܳଵଶሺݏସܿସሻ݀ߠ  Equation 192 
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Qଵଶ௏ிை
ൌ 1ߠ௠௔௫ ൤ሺܳଵଵ൅ܳଶଶെܳ଺଺ሻ ൬
ݔ
8
െ ݏ݅݊4ݔ32 ൰൅ܳଵଶ ൬
cos8θ െ 16cos4θ ൅ 225
2048 ൰൨଴
஘ౣ౗౮
 
 
Equation 193 
 
 
 
Qଵ଺௏ிை ൌ 1ߠ௠௔௫ න ሺܳଵଵെܳଵଶ െ 2ܳ଺଺ሻܿ
ଷݏ
ఏ೘ೌೣ
଴
െ ሺܳଶଶ െ ܳଵଶ െ 2ܳ଺଺ሻݏଷ ܿ 
 
Equation 194 
 
 
Qଵ଺௏ிை ൌ 1ߠ௠௔௫ ቈሺܳଵଵെܳଵଶ െ 2ܳ଺଺ሻ
ݏ݅݊ସߠ
4
െ ሺܳଶଶ െ ܳଵଶ െ 2ܳ଺଺ሻݏଷܿ൨଴
஘ౣ౗౮
 
 
Equation 195 
 
Qଶ଺௏ிை ൌ 1ߠ௠௔௫ න ሺܳଵଵെܳଵଶ െ 2ܳ଺଺ሻݏ
ଷܿ
ఏ೘ೌೣ
଴
െ ሺܳଶଶ െ ܳଵଶ െ 2ܳ଺଺ሻܿଷݏ 
 
Equation 196 
 
 
 
Qଶ଺௏ிை ൌ 1ߠ௠௔௫ ቈሺܳଵଵെܳଵଶ െ 2ܳ଺଺ሻݏ
ଷܿ
െ ሺܳଶଶ െ ܳଵଶ െ 2ܳ଺଺ሻ ݏ݅݊
ସߠ
4 ൨଴
஘ౣ౗౮
 
 
Equation 197 
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Q଺଺௏ிை ൌ 1ߠ௠௔௫ න ሺܳଵଵ൅ܳଶଶ െ 2ܳଵଶ െ 2ܳ଺଺ሻݏ
ଶܿଶ െ ܳ଺଺ݏଶܿଶ
ఏ೘ೌೣ
଴
 
 
Equation 198 
 
 
 
Q଺଺௏ிை ൌ 1ߠ௠௔௫ ൤ሺܳଵଵ൅ܳଶଶ െ 2ܳଵଶ െ 2ܳ଺଺ሻ ൬
ݔ
8 െ
ݏ݅݊4ݔ
32 ൰
െ ܳ଺଺ ൬ݔ8 െ
ݏ݅݊4ݔ
32 ൰൨଴
஘ౣ౗౮
 
 
Equation 199 
 
 
Qଶଶ௏ிை ൌ 1ߠ௠௔௫ න ܳଵଵs
ସ൅Qଶଶcସ ൅ 2ሺQଵଶ ൅ 2Q଺଺ሻsଶcଶ
ఏ೘ೌೣ
଴
 
 
Equation 200 
 
 
Qଶଶ௏ிை ൌ ൤Qଵଵ ൬38 െ
ܿ݋ݏ2ߠ
2 ൅
ܿ݋ݏ4ߠ
8 ൰൅Qଶଶ ൬
3
8 ൅
ܿ݋ݏ2ߠ
2 ൅
ܿ݋ݏ4ߠ
8 ൰
൅ 2ሺQଵଶ ൅ 2Q଺଺ሻ ൬ݔ8 െ
ݏ݅݊4ݔ
32 ൰൨଴
஘ౣ౗౮
 
 
Equation 201 
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Appendix B: Bolt Pull Through 
 
11.2 Further Experimental Results from Bolt Pull Through 
 
 
Figure 212: Representative experimental results for thick specimens 
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Figure 213: Representative experimental results for thin samples 
 
 
Figure 214: Thick 3D Woven with MVR-444 matrix cured at 900C 
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Figure 215: Thick 3D woven samples with MVR444 matrix cured at 1800C  
 
 
Figure 216: Thick 3D woven samples with RTM-6 matrix 
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Figure 217: Thin 3D woven samples with MVR-444 matrix (cured at 1800C) 
 
 
Figure 218: Thin 3D woven samples with MVR-444 matrix cured at 900C 
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11.3 Appendix C: Layer stress distributions 
11.3.1 Layer  stress  distribution  for  prepreg  samples when  a  single moment  is 
applied (i.e. No constraint on curvature): 
 
 
Figure 219: Longitudinal stress 
distribution through thick prepreg 
sample at IFL 
 
 
Figure 220: Transverse stress 
distribution through thick prepreg 
sample at IFL 
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Figure 221: Longitudinal stress distribution through top effective laminate of thin 
prepreg sample at FFL 
 
 
Figure 222: Transverse stress distribution through top effective laminate of thin 
prepreg at FFL
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11.3.2 Layer  stress  distribution  for  prepregs  when  sample  is  constrained  to 
curvature only in Kxx 
 
 
Figure 223:Thick prepreg; longitudinal 
stress distribution at IFL 
 
Figure 224: Thick prepreg; transverse 
stress distribution at IFL 
 
Figure 225: Thick prepreg; shear 
stress distribution at IFL 
 
Figure 226: Thick prepreg; longitudinal 
stress distribution in effective laminate 
at FFL 
 
Figure 227: Thick prepreg; transverse 
stress distribution in effective laminate 
at FFL 
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Figure 228: Thick prepreg; shear 
stress distribution in effective laminate 
at FFL 
 
 
Figure 229: Thin prepreg; longitudinal 
stress distribution at IFL 
 
Figure 230: Thin prepreg; transverse 
stress distribution at IFL 
 
Figure 231: Thin prepreg; shear stress 
distribution at IFL 
 
 
Figure 232: Thin prepreg; longitudinal 
stress distribution in effective laminate 
at FFL 
 
 367 
 
 
Figure 233: Thin prepreg; shear stress 
distribution in effective laminate at FFL 
 
Figure 234: Thin prepreg; transverse 
stress distribution in effective laminate 
at FFL 
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